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1	Introduction
In RAN#82 a new work item on “2-step RACH for NR” was agreed [1]. 2-step RACH was previously considered during the release 14 NR SI phase. 2-step RACH has also been considered during the study item phase of NR-based access to unlicensed spectrum [5].

The agreements and working assumptions from RAN1#96 [2] and RAN1#96bis [3] are listed in the appendix of this document for reference

In this contribution we discuss the 2-step RACH channel structure. In section 2.1, we discuss a flexible structure for MsgA consisting of a PRACH occasion for the preamble and a 2-Step RACH (2SR) PUSCH resource group consisting of an array of 2SR PUSCH resource units for the transmission of the data part of MsgA along with the association between the preamble index in the PRACH occasion and the 2SR PUSCH resource units. In section 2.2, we expand this scheme to support MsgA with different configurations.
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]2	Discussion 
[bookmark: _Hlk536801483]2.1			Structure of MsgA
MsgA consists of two parts as outlined in [1]:
· Preamble, this is transmitted in a PRACH occasion. From TR 38.889 [7], this is denoted “a signal to detect the UE”.
· PUSCH resources for data transmission, this is transmitted in a PUSCH occasion. Correspondingly, this is the element which will carry the payload as outlined by TR 38.889 [7].
This is aligned with the description in the WID [1]: “PRACH Preamble and PUSCH in a msgA is TDMed”. The preamble is used for detection of a UE requesting access to the network, allowing the network to prepare for the reception of the corresponding PUSCH message. Further, due to the wording in [1] of the PRACH Preamble and the PUSCH being TDMed, it is given that these two components are operating as a pair – that is, for 2-step RACH procedure, it would not be possible to transmit one without the other. In release 15 NR, up to 64 preambles are mapped to one PRACH occasion. The preambles are orthogonal, or quasi-orthogonal, allowing the network to receive multiple preambles (from different UEs) in the same PRACH occasion. If all the preambles are mapped to a PUSCH in the same time-frequency occasion, as shown in Figure 1 (a), and more than one preamble is detected, the associated PUSCH transmissions of the detected preambles overlap in time and frequency, increasing the probability of subsequent non-successful PUSCH decoding due to the physical layer collision. Alternatively, each preamble, or subset of preambles, is mapped to a PUSCH in a unique time and frequency resource. This reduces the probability of failed PUSCH decoding due to collision but significantly increases the 2-step RACH physical layer overhead in the uplink, as each unique time-frequency resource would be reserved for the 2-step RACH PUSCH transmission, and would not be available for any other use. Our companion contribution [8], presents an analysis of the trade-off between MsgA PUSCH resource reservation and the probability of collision and latency of the 2-step RACH procedure.
Observation 1: There is a trade-off between the probability of 2-step RACH PUSCH collision and UL physical reserved resource overhead for 2-step RACH.
The trade-off between reduced latency and UL physical resource overhead with 2-step RACH has also been highlighted during the NR-U study item phase, see e.g. the results in [7]. Depending on the use case, which includes: (a) the number of UEs in the cell, (b) the probability of PRACH transmission, and (c) the desired collision rate for MsgA PUSCH transmission; the preambles in a PRACH occasion can be divided into groups. Each group for a PRACH occasion may potentially be associated with one or more PUSCH Occasion(s), and within each PUSCH Occasion, there may be a number of available DMRS ports, depending on the final design and/or configuration of the PUSCH Occasion.
Observation 2: The PRACH preambles can be mapped into one or more DMRS ports within a PUSCH resource.
There are two extreme cases in the PRACH preamble mapping to PUSCH Occasions and DMRS ports. One case, depicted in Figure 1(a), corresponds to all PRACH preambles mapped to the same PUSCH Occasion (and the same DMRS port). The other extreme case corresponds to each PRACH preamble being mapped to an individual PUSCH Occasion and DMRS port. Yet, it is expected that to meet most use cases requirements, the mapping approach will fall between the two extreme cases (e.g. in Figure 1(b) and (c) are shown examples of potential PRACH preamble to PUSCH resource mapping). 
Proposal 1: In a PRACH occasion, a group of preamble indices are associated with a PUSCH Occasion and its DMRS ports.
Proposal 2: In a PRACH occasion, with a group of preamble indices associated with a PUSCH Occasion, a sub-group of preamble indices within that group is associated with a DMRS port on that PUSCH Occasion.


[bookmark: _Ref168734]Figure 1: Example preamble index to PUSCH mapping
The MsgA preamble is transmitted in a PRACH Occasion (RO). The PRACH Occasion can be dedicated for 2-Step RACH, or it can be shared with 4-Step RACH as described in our companion contribution [4]. However, the 2-Step RACH and 4-Step RACH preambles can be uniquely identified by PRACH Occasion and/or Preamble Index. Let’s assume that preamble index “i” is sent in an RO, where  . The preamble index determines the time, frequency and DMRS port of the 2SR PUSCH resource unit, also referred to as PUSCH Occasion, used for data transmission. 
In RAN1#96, two options are considered for the configuration of the PUSCH Occasions. The first option is to separately configure the PUSCH Occasions from the PRACH Occasions and then find a mapping rule between PRACH occasions and the PUSCH occasions. The second option is to configure a relative time and frequency offset between the PRACH Occasion and its corresponding PUSCH occasion.
Both options can be designed to give exactly the same final outcome. However, the difference comes in handling some corner cases and in how the configuration is done. Let’s start by taking a simple example showing that both methods give the same final result. Consider PRACH configuration 37 as given by Table 6.3.3.2-4 of TS 38.211 [9]. This configuration uses preamble format A2 in FR2, with preambles occurring in 60 kHz slots {7, 15, 23, 31, 39}. Assume that the PRACH and PUSCH subcarrier spacings are 60 kHz. Assume that there are 12 beams in the cell. Assume that the UL-DL configuration has a duration of 8 60 kHz slots, with the first 4 slots being downlink and last 4 slot being uplink. Figure 2 shows the desired outcome for the mapping of the PRACH Occasions (ROs) to the PUSCH Occasions (POs). Let’s considered how each of the two options described above can be used to lead to this configuration:
· For option 1, where the POs are separately configured. We can configure the PUSCH configuration period to be 20 ms, the same as the PRACH configuration period and configure a bit map for the available slots within this 20 ms period that can be used for the POs, in this case it will be an 80-bit bitmap. Alternatively, we can come up with PUSCH configuration tables similar to the PRACH configuration tables in TS 38.211. However, this can prove to be unwieldly and time consuming for the work item given the various PRACH configurations and UL-DL configurations that should be considered.
· For option 2, the network can configure a time and frequency offset between the start of the PRACH slot and the first PUSCH Occasion that maps to the first PUSCH Occasion of the slot. PUSCH Occasions are then mapped sequentially to PRACH Occasions.


[bookmark: _Ref4145662]Figure 2: Example of PRACH Occasion (RO) to PUSCH Occasion (PO) association.
Observation 3: Having separate configuration for PRACH Occasions and PUSCH Occasions of MsgA can increase the amount of configuration signalling.
With separate configuration of PUSCH Occasions and PRACH Occasion, there are additional considerations to be taken into account. If there is not enough PUSCH Occasions to map all PRACH Occasions of the configuration the system is suffering from “underconfiguration”, and some PRACH Occasions will not be possible to uniquely map to corresponding PUSCH Occasions. In the example of Figure 2, if the number of beams is 15, then the last PRACH Slot of the configuration period is used, there are no more uplink slots after that slot for PUSCH Occasions. In this case, we could consider such scenarios are not supported. Alternatively, we can allow the RACH Occasions of a configuration period to map to the first few PUSCH Occasions of the next configuration period.
Yet another factor to consider when transmitting MsgA with a PRACH Occasion and a PUSCH Occasion is the gap between the PRACH Occasion and the corresponding PUSCH Occasion. Ideally this gap should be small to minimize the on time of the UE when transmitting MsgA, and it is also beneficial to have a small gap when applying 2-Step RACH to NR-U, since the two transmissions covered in the PRACH Occasion and in the PUSCH Occasion may be allowed by a single LBT process for access to unlicensed bands. By configuring the offset between the PRACH Occasion and the PUSCH Occasion, the size of the gap is more deterministic than by having PUSCH Occasions separately configured and then mapped to PRACH Occasions.
Proposal 3: For the configuration of PUSCH Occasions it is preferred to have the location of the PUSCH Occasion in time and frequency configured relative to the location of the corresponding PRACH Occasion or PRACH slot.
[bookmark: _Hlk535418756]In the time-frequency grid, multiple PUSCH Occasion (2SR PUSCH resource units) can be configured to be used for data transmission according to the preamble index within a PRACH Occasion. Each PUSCH Occasion is a time-frequency resource that has a time duration of mPUSCHSym, and an extent in the frequency domain of nPUSCHPRB as shown in Figure 3. The symbol duration and PRB size is given by the numerology of the PUSCH used for data transmission.
The MsgA PUSCH frequency resource is denoted by . The MsgA PUSCH time resource is denoted by . The PUSCH resources are configured consecutively in frequency and in time. Figure 4 shows the structure of MsgA, the earliest PUSCH Occasion (2SR PUSCH resource unit) at the lowest frequency starts Preamble2DataTime symbols/slots from the start of the RO used for preamble transmission in the time domain and starts Preamble2DataFreq PRBs from the start of the RO used for preamble transmission in the frequency domain. Preamble2DataTime and Preamble2DataFreq can be given by the numerology of the PUSCH used for data transmission.


[bookmark: _Ref535407357]Figure 3: 2SR PUSCH resource unit PUSCH Occasion) for transmitting the data part of MsgA.


[bookmark: _Ref535418412]Figure 4: Structure of MsgA consisting of a preamble, and 2SR PUSCH resource group for the data part of MsgA. The 2SR PUSCH group is an array of 2SR PUSCH resource units.
Based on the above suggested structure, we propose the following:
Proposal 4: Resource allocation for the PUSCH part of msgA consists of fundamental blocks that have a constant amount of physical resources available referred to as 2-Step RACH (2SR) PUSCH resource units (PUSCH Occasions).
Proposal 5: Time and frequency resources for each 2SR PUSCH resource unit (PUSCH Occasion) have a uniform distribution in time and/or frequency domain creating a 2SR PUSCH resource group.
In the following discussion a 2SR PUSCH resource unit is referred to as PUSCH Occasion (PO). Within a PRACH slot, there are multiple PRACH occasions. For example, with preamble format A2, there are 3-time domain ROs within a PRACH slot. If the duration of the PO x number of TDMed POs mapped to one RO is greater than the duration of an RO, the offset between the start of each RO and the start of the corresponding PO would depend on the location of the RO within PRACH slot favouring Alt 2 or Alt 4 for the time relation between the RO and PO (in the agreement from RAN1#96). Alt 4 would be preferred over Alt 2 in this case, as it gives more flexibility to the network. Similar arguments hold in the frequency domain, when multiple ROs are FDMed in the same time-domain RO. However, such configuration would increase the configuration overhead, as there could be a time offset and a frequency offset for each RO within the PRACH slot.
To simplify the configuration of the mapping rule between ROs and POs, all 2-step RACH ROs within a PRACH slot (or within a PRACH subframe/60 kHz slot in FR1/FR2) may be mapped to POs before the next occurrence of a 2-step PRACH slot (or PRACH subframe/60 kHz slot in FR1/FR2). In this case, the network can configure a time domain offset (Preamble2DataTime) between the start of the PRACH slot (or PRACH subframe/60 kHz slot in FR1/FR2) and the start of the first PUSCH Occasion that maps to the first RO within the PRACH slot (or PRACH subframe/60 kHz slot in FR1/FR2). The mapping of preamble groups within the ROs to POs happens frequency first time second. Hence, a single semi-static value is used to configure the offset between the start of the PRACH slot (or PRACH subframe/60 kHz slot in FR1/FR2) containing the 2-Step RACH ROs and the start of the PUSCH Occasions. Another semi-static value is used to configure the offset, in frequency domain, between the start of the first RO in frequency and the start, in frequency, of the PUSCH Occasions. Figure 5 shows and example of such mapping scheme.


[bookmark: _Ref4161227]Figure 5: Mapping PRACH Occasions to PUSCH Occasions using a single semi-static value.
Proposal 6: A single configured offset between the start of the PRACH slot (or PRACH subframe/60 kHz slot in FR1/FR2) containing the 2-Step RACH ROs and the start of the 2SR PUSCH resource units (PUSCH Occasions). Another configured offset, in frequency domain, between the start of the first RO in frequency and the start, in frequency, of the 2SR PUSCH resource units (PUSCH Occasions).
Another situation arises when considering the 2-step RACH operation within the unlicensed spectrum, where it is desirable to have the preamble transmission and PUSCH transmission happening without gaps in the transmission to ensure that the two transmissions (of preamble and PUSCH) from a single UE does not risk being blocked by the free channel assessment mechanism. For such situations it might be beneficial to have the possibility to configure the 2-step RACH procedure such that there is no time-wise gap between the preamble transmission and the PUSCH transmission.
Proposal 7: There should be a possibility to configure 2-step RACH operation such that there is no time-wise gap between the preamble transmission and the associated PUSCH transmission.
When the maximum round trip delay in a cell exceeds the cyclic prefix (CP) duration, i.e. the delay difference between the earliest UE and the latest UE is larger than the CP, concurrent users are no longer orthogonal, and users in consecutive time resources overlap each other. A late arriving UE in a time resource can overlap the start of an early arriving UE in the following time resource. Leaving a gap between consecutive time resources may potentially mitigate the overlap between consecutive transmissions.
Observation 4: When the round-trip delay in a cell exceeds the CP, the CP is not sufficient to maintain orthogonality between concurrent users, and UEs in consecutive time resources can overlap.
2.2	Mapping Preambles to PUSCH Resource Units
In RAN1#96bis [3], the following working assumption was taken:
Working assumption:
· At least support one-to-one and multiple-to-one mapping between preambles in each RO and associated PUSCH resource unit.
· Configurable number of preambles (including one or multiple) mapped to one PUSCH resource unit
· FFS one-to-multiple mapping
· Companies are strongly encouraged to perform additional evaluations/analysis

There was discussion whether to support one-to-one and multiple-to-one mapping between the preambles in each RO and associated PUSCH resource. It should be noted that with one-to-one mapping the PUSCH resource reservation can be high, as each preamble would require a sperate PUSCH resource unit. Consider a scenario with 64 SSBs, each RO contains preamble associated with 4 SSBs. In this case, there is a total of 16 ROs to cover all 64 SSBs. With each RO containing 64 preambles, there are a total of 1024 preambles. In the case of one-to-one mapping, the total number PUSCH Resource units required is 1024 PUSCH resource units. If each PUSCH Occasion has 8 PUSCH resource units, the number of PUSCH Occasions is 128. If each PUSCH Occasion has 16 PUSCH resource units, the number of PUSCH Occasions is 64. In either case the PUSCH resource reservation is quite high, and as earlier stated, such reserved uplink physical resources are blocked from system perspective and cannot be used for any other purpose. Hence, it would be beneficial to have the possibility to configure the reserved uplink resources.
Observation 5: With one-to-one mapping of preambles to PUSCH resource units, the PUSCH resource reservation is quite high.
In case of multiple-to-one mapping, multiple preambles (e.g. P preambles) are mapped to the same PUSCH resource unit. Using example as that of the previous paragraph, and with P=4, if each PUSCH Occasion has 8 PUSCH resource units, the number of PUSCH Occasions is 32. If each PUSCH Occasion has 16 PUSCH resource units, the number of PUSCH Occasions is 16. With multiple-to-one mapping, the number of preambles mapped to the same PUSCH resource unit, P, can be a configurable value, with P=1 being a special case corresponding to one-to-one mapping of preambles to PUSCH resource units
Proposal 8: Confirm the working assumption from RAN1#96bis on the mapping of preambles to PUSCH resource units, with multiple-to-one being supported with P preambles mapping to 1 PUSCH resource units.
· Further study the allowed values of P.

One issue that was raised in the last meeting with multiple-to-one mapping is that if multiple preambles are mapped to the same PUSCH resource unit, and if more than one of those preambles is transmitted, the PUSCH resource corresponding to the transmitted preambles interfere with each other leading to a decoding error.
To mitigate the interference between PUSCH transmissions corresponding to preambles mapped to the same PUSCH resource unit, spatial separation between the PUSCH transmission can be utilized, this minimizes the interference each PUSCH transmission causes to other PUSCH transmissions on the same resource.
Observation 6: PUSCH transmissions mapped to the same PUSCH resource unit that correspond to different spatial domain filter cause less interference to each other.
For example, preambles corresponding to the same SSB mapped to the same PUSCH resource unit can correspond to different narrow beams that are included within the wide beam of the preamble (see our companion contribution [4]). For example, if preamble x1 and x2 corresponding to the same PUSCH resource unit are received, the PUSCH transmission corresponding to preamble x1 is received on narrow beam b1, while the PUSCH transmission corresponding to preamble x2 is received on narrow beam b2, the PUSCH transmissions are spatially separated in the receiver and can be decoded with minimal interference on each other.
Proposal 9: Preambles corresponding to the same SSB mapped to the same PUSCH resource unit can correspond to different narrow beams that are included within the wide beam of the preamble.
Alternatively, it is possible to map preambles corresponding to different SSBs and/or different ROs to the same PUSCH resource unit. As the PUSCH transmission of each preamble corresponds to a different SSB beam direction, the PUSCH transmissions are spatially separated in the receiver and can be decoded with minimal interference on each other.
To illustrate the mapping with a simple example, consider 2 PRACH Occasions, and 4 PUSCH Occasions, as shown in Figure 6. Each PRACH Occasion has 64 preambles, and 2 SSBs are mapped to a PRACH Occasion. Each PUSCH Occasion has 8 PUSCH Resource units. In total there are 4 SSBs across the 2 ROs, each SSB has 32 preambles. The preambles of each SSB are divided into 4 groups with 8 preambles per group. Each group is mapped to a different PUSCH Occasion, where each preamble within a group is mapped to PUSCH resource unit. In this example, there are a total of 128 preambles, and 32 PUSCH resource units, each PUSCH resource unit as 4 preambles mapped to it associated with different SSBs.


[bookmark: _Ref7615103]Figure 6: Mapping preambles within ROs and associated with SSBs to PUSCH Occasions.
Proposal 10: Preambles corresponding to different SSBs and/or ROs can be mapped to the same PUSCH resource unit.
If the 2-step RACH procedure is configured for multiple-to-one operation, there is still a risk of collision on a PUSCH Resource Unit. Such risk of collision would be controlled by the network through the value of P, and the effect of such collisions would potentially be marginal, as fall-back procedures would anyway capture such cases as also discussed in our companion contribution [8].
2.3			Support of MsgA with multiple configurations
As discussed in our companion contribution [4], the MsgA data signal includes several fields whose presence and size depends on the use case and trigger for the 2-step RACH procedure. Accordingly, the 2-step RACH procedure should support MsgA with different PUSCH resource configurations (payload size, MCS, resource allocation in time/frequency domains, etc).
Observation 7: The size of MsgA is use case dependent, hence multiple PUSCH physical resource configurations for MsgA should be supported.
In this section, we discuss the channel structure as it relates to the support of multiple configurations building on the flexible MsgA framework presented in section 2.1.
2.3.1	Multiple MsgA Data Configurations
A straight forward design to support MsgA transmissions with different payload size, is to configure the 2SR PUSCH group allocation to consist of 2SR PUSCH resource units that are dimensioned for the largest packet size (worst case resource allocation). The 2SR PUSCH resource units are arranged in an array like the structure shown in Figure 4. If the payload to be transmitted on MsgA is less than the largest packet size, padding is used to extend the payload size to fit the allocated PUSCH resources. While, simple, this scheme leads to non-optimal use of PUSCH resources.
Observation 8: Having a single 2SR PUSCH resource unit size for the MsgA data part with different payload size leads to non-optimal use of the PUSCH resources.
[bookmark: _GoBack]To optimally use the PUSCH resources and support different MsgA data configurations, the network can configure multiple 2SR PUSCH resource groups with different configurations to support different payload size and MSC for MsgA. In the following, we consider various configuration options, and means for signalling the configuration used.
Alternative 1: The PRACH preambles are partitioned into different groups according to the MsgA configuration and would have a direct mapping towards a 2SR PUSCH resource group consisting of 2SR PUSCH resource units with adequate amount of resources for the transmission of the payload. The preambles of the different groups can be in the same RO, or in different ROs. Figure 7 shows 2-step RACH with two 2SR PUSCH resource group configurations, Group A and Group B. In this example, the preambles of the 2-step RACH share the same PRACH Occasion with the 4-Step CBRA preambles. Each 2SR PUSCH resource group consists of 2SR PUSCH resource units with different amount of resources. If a UE wants to send MsgA based on the amount of resources of “Group B”, it selects a preamble index in the Blue region, which accordingly selects a 2SR PUSCH resource unit in the 2SR PUSCH resource group B.


[bookmark: _Ref535586999]Figure 7: 2-Step RACH with multiple 2SR PUSCH resource groups, with each group having its own preamble space.
This scheme doesn’t require the gNB to try multiple hypothesis to determine the PUSCH configuration selected by the UE. However, it should be noted that in this case the more often occurring triggers have reduced contention space, i.e. they would have a higher level of collisions, leading to less efficient pooling of resources.
Observation 9: When the network configures multiple MsgA 2SR PUSCH resource group configurations, with the 2SR PUSCH resource unit of each configuration uniquely identified by a preamble index, the pooling of resources becomes less efficient, but the network receiver is simplified as this avoids blind decoding.
Alternative 2: The PRACH preambles are not partitioned, but after selecting a preamble the UE selects a 2SR PUSCH resource group with an adequate amount of resources from the pool of available groups. One possible implementation is that each preamble is associated with multiple 2SR PUSCH resource units, each 2SR PUSCH resource unit has a different resource allocation size (amount of resources). The UE selects the 2SR PUSCH resource unit based on the amount of resources it needs. The gNB tries different hypothesis to determine which PUSCH resource unit the UE has sent. Figure 8 shows an example with a PRACH occasion that is not partitioned by PUSCH resource size. Each preamble index in the PRACH occasion is associated with a 2SR PUSCH resource unit in each of the 3 2SR PUSCH resource groups. Each PUSCH resource group is similar to the MsgA data part of Figure 4.


[bookmark: _Ref535588039]Figure 8: 2-Step RACH with common preamble set and different 2SR PUSCH resource groups.
While this alternative has a better pooling efficiency, it requires the network to allocate more PUSCH resources, and requires the network to try multiple hypothesis to determine the actual PUSCH resource the UE selected.
Observation 10: When the network configures multiple MsgA 2SR PUSCH resource group configurations, with the preamble index pointing to a 2SR PUSCH resource unit in each group, the pooling of preamble resources improves, however, the PUSCH resource overhead increases, and the network receiver’s complexity increases as it tries multiple hypothesis.
[bookmark: _Hlk505451]Alternative 3: The 2SR PUSCH resource group is made up of basic 2SR PUSCH resource units arranged in an array similar to the structure of Figure 4. When transmitting the data part of MsgA, the UE allocates a PUSCH resource consisting of one or more basic 2SR PUSCH resource units depending on the configuration of MsgA and the amount of resources needed to transmit the MsgA payload. The preamble index is associated with the selected PUSCH resource. Two alternatives are envisioned in this scenario:
[bookmark: _Hlk505492]Alternative 3a: The preamble index indicates the starting position (in time and frequency) of the PUSCH resource as well as the PUSCH resource allocation size (in number of basic units). Figure 9 shows an example where the PUSCH resource can have a size of one or two basic units, and preamble index indicates the PUSCH resource starting position in time and frequency, as well as the PUSCH resource size. This alternative reduces the gNB receiver complexity, as it avoids decoding multiple hypothesis. However, it suffers from pooling efficiency.


[bookmark: _Ref177254]Figure 9: PUSCH resource allocation in basic units with preamble indicating PUSCH starting location and size.
Alternative 3b: The preamble index indicates the starting position (in time and frequency). The UE selects PUSCH resource size based on the amount of data and MCS it needs to transmit. The gNB tries multiple decoding hypothesis to find the PUSCH resource size sent by the UE. Decoding multiple hypothesis at the gNB increases the gNB decoding complexity.



Figure 10: PUSCH resource allocation in basic units with preamble indicating PUSCH starting location, UE selects the size of the PUSCH resource, and gNB tries multiple decoding hypothesis.

Proposal 11: Network configures PUSCH resources as “data carrying candidates” for MsgA data. UE selects a preamble to indicate the starting time and frequency position of the “data carrying candidate” and the size of the “data carrying candidate”.
Observation 11: If the UE selects the size of the “data carrying candidates” based on the amount of resources it needs to transmit PUSCH and doesn’t signal this selection to the gNB. The gNB decodes multiple hypothesis, which increases the gNB’s decoding complexity.
2.3.2	Dynamic indication of MsgA data configuration
In section 2.2.1, different alternatives are discussed for supporting different PUSCH resource allocation sizes. In some alternatives, the resource allocation size is signalled to the network through the preamble index. This reduces the pooling efficiency of the resource allocation, as the preamble space is segmented based on the resource allocation size. Alternatively, the UE selects a resource allocation size, and the network tries multiple decode hypothesis to determine the resource allocation size and data the UE sent.
Furthermore, for the same resource allocation size, the UE can select different MCS depending on the channel conditions measured by the UE to improve signal decodability at the base station.
Trying multiple decode hypothesis at the gNB increases the complexity of the gNB receiver. To avoid this, uplink control information including the MCS, payload and resource size can be transmitted with the uplink data to assist the gNB to decode the MsgA PUSCH transmission and hence reduce the number of hypothesis testing and subsequent risk of erroneous decoding.
When the UE transmits MsgA, it should preferably include uplink control information, such as MCS, payload and amount of physical resources in MsgA that is separately encoded from the rest of the data. As illustrated in Figure 5, the PRACH Occasion and preamble index would determine the corresponding PUSCH Occasion. There could be associated rules for deriving the total amount and sequencing of the actual used uplink physical resources. The control information would carry configuration parameters that assists the gNB in decoding the MsgA payload carried by the data resource elements. Such information could take the form of indicating the used MCS, the number of PUSCH Occasion across which the MsgA payload is transmitted, etc. The principle of having the assisting control part of the MsgA is illustrated in Figure 11.



[bookmark: _Ref4511494]Figure 11: PUSCH Occasion with control and data resource elements.
Observation 12: Including assisting uplink control information, such as MCS, payload size, amount of PUSCH physical resources simplifies the gNB receiver complexity by avoiding the need to try multiple decode hypothesis.
[bookmark: _Hlk4511863]Proposal 12: The resource elements of the PUSCH Occasion are divided into control resource elements carrying the control information for data reception and data resource elements carrying the actual data information.
When the gNB receives MsgA, after detecting the preamble, it decodes the control information to determine the amount of resources and MCS used for the data payload. The gNB then proceeds to decode the data payload. The reliability and robustness of transmission of control information in MsgA impacts the overlap reliability and robustness of MsgA. To improve the reliability of decoding the control information, the amount of information conveyed by the control resource elements should be limited. When conveying one or two bits of information, the control information can modulate a low PAPR sequence as those defined in section 5.2.2 of TS 38.211 [9]. To further improve the reliability of decoding the control information, multiple sequences are used within the control resource elements of a PUSCH occasion, e.g. by using different cyclic shifts. The preamble associated with each PUSCH occasion can be further divided into subsets, with the size of each subset being 1 or more, and each subset associated with a unique sequence.
Observation 13: Transmission of control information in MsgA should be of high reliability and robustness. 
Observation 14: To improve the reliability of the control information carried by the PUSCH Occasions, the amount of control information conveyed should be limited.
Proposal 13: The control information for data info part of MsgA modulates a low PAPR sequence.
Proposal 14: The preambles associated with each PUSCH Occasion are divided into subsets, which each subset associated with a low PAPR sequence within the control resource elements of the PUSCH Occasion.
2.3	MsgA PUSCH Waveform
In RAN1#96 [2], the following agreement was reached:
Agreements:
· Both DFT-s-OFDM and CP-OFDM are supported for the payload transmission in msgA
· FFS how to indicate/configure the waveform 
It is agreed to support both CP-OFDM and DFT-s-OFDM for the PUSCH part of MsgA, the remaining open point is how to indicate or configure the waveform. In NR release 15, the Msg3 waveform is indicated in PRACH-ConfigCommom IE, if higher layer parameter msg3-transformPrecoder is included, transform precoding is enabled (i.e. DFT-s-OFDM waveform is used), else CP-OFDM is used. A similar scheme can be used for 2-step RACH by including a parameter in the configuration of 2-step RACH to enable or disable DFT-s-OFDM, or CP-OFDM.
Proposal 15: A parameter is included in the configuration of 2-step RACH to determine the waveform (DFT-s-OFDM or CP-OFDM) used for MsgA PUSCH part.
2.4	MsgA PUSCH Numerology in relation to NR-U
According to the discussion above, there would be two basic approaches for the uplink transmissions of preamble and the MsgA PUSCH parts. As outlined in the agreements from RAN1#96bis [3] the PUSCH will use the numerology for the UL BWP for the MsgA transmission. This would suffice for most cases, but for the NR-U case, the situation may be a bit more challenging due to the following factors:
· It is preferable to have the UE transmitting in a gap-less manner to ensure that the channel is available and that both the preamble and the PUSCH are transmitted. If there is a gap, the channel access mechanism may potentially block the PUSCH part of the MsgA transmission. Such situation would cause the potential benefits from 2-step RACH to completely disappear.
· The UE transmissions for NR-U may be subject to channel bandwidth constraints, such that the mapping to the physical resources is different from what is normally considered for both the preamble and PUSCH transmissions.
Since these aspects may significantly complicate the design for 2-step RACH, it might be beneficial to postpone this part of the 2-step RACH design until the NR-U physical channel mapping and channel access scheme has been fully completed.
Proposal 16: Postpone 2-step RACH design specifically targeted NR-U until NR-U channel access and mapping has completed.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]3	Conclusion
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK34][bookmark: OLE_LINK35]We have the following observations and proposals on the PUSCH resources used for MsgA of the 2-step RACH procedure, 
Observation 1: There is a trade-off between the probability of 2-step RACH PUSCH collision and UL physical reserved resource overhead for 2-step RACH.
Observation 2: The PRACH preambles can be mapped into one or more DMRS ports within a PUSCH resource.
Proposal 1: In a PRACH occasion, a group of preamble indices are associated with a PUSCH Occasion and its DMRS ports.
Proposal 2: In a PRACH occasion, with a group of preamble indices associated with a PUSCH Occasion, a sub-group of preamble indices within that group is associated with a DMRS port on that PUSCH Occasion.
Observation 3: Having separate configuration for PRACH Occasions and PUSCH Occasions of MsgA can increase the amount of configuration signalling.
Proposal 3: For the configuration of PUSCH Occasions it is preferred to have the location of the PUSCH Occasion in time and frequency configured relative to the location of the corresponding PRACH Occasion or PRACH slot.
Proposal 4: Resource allocation for the PUSCH part of msgA consists of fundamental blocks that have a constant amount of physical resources available referred to as 2-Step RACH (2SR) PUSCH resource units (PUSCH Occasions).
Proposal 5: Time and frequency resources for each 2SR PUSCH resource unit (PUSCH Occasion) have a uniform distribution in time and/or frequency domain creating a 2SR PUSCH resource group.
Proposal 6: A single configured offset between the start of the PRACH slot (or PRACH subframe/60 kHz slot in FR1/FR2) containing the 2-Step RACH ROs and the start of the 2SR PUSCH resource units (PUSCH Occasions). Another configured offset, in frequency domain, between the start of the first RO in frequency and the start, in frequency, of the 2SR PUSCH resource units (PUSCH Occasions).
Proposal 7: There should be a possibility to configure 2-step RACH operation such that there is no time-wise gap between the preamble transmission and the associated PUSCH transmission.
Observation 4: When the round-trip delay in a cell exceeds the CP, the CP is not sufficient to maintain orthogonality between concurrent users, and UEs in consecutive time resources can overlap.
In terms of discussing the mapping of preambles to PUSCH Resource Units, we have the following observations and proposals:
Observation 5: With one-to-one mapping of preambles to PUSCH resource units, the PUSCH resource reservation is quite high.
Proposal 8: Confirm the working assumption from RAN1#96bis on the mapping of preambles to PUSCH resource units, with multiple-to-one being supported with P preambles mapping to 1 PUSCH resource units.
· Further study the allowed values of P.

Observation 6: PUSCH transmissions mapped to the same PUSCH resource unit that correspond to different spatial domain filter cause less interference to each other.
Proposal 9: Preambles corresponding to the same SSB mapped to the same PUSCH resource unit can correspond to different narrow beams that are included within the wide beam of the preamble.
Proposal 10: Preambles corresponding to different SSBs and/or ROs can be mapped to the same PUSCH resource unit.
We have the following observations and proposals on the MsgA channel structure to support different resource configurations:
Observation 7: The size of MsgA is use case dependent, hence multiple PUSCH physical resource configurations for MsgA should be supported.
Observation 8: Having a single 2SR PUSCH resource unit size for the MsgA data part with different payload size leads to non-optimal use of the PUSCH resources.
Observation 9: When the network configures multiple MsgA 2SR PUSCH resource group configurations, with the 2SR PUSCH resource unit of each configuration uniquely identified by a preamble index, the pooling of resources becomes less efficient, but the network receiver is simplified as this avoids blind decoding.
Observation 10: When the network configures multiple MsgA 2SR PUSCH resource group configurations, with the preamble index pointing to a 2SR PUSCH resource unit in each group, the pooling of preamble resources improves, however, the PUSCH resource overhead increases, and the network receiver’s complexity increases as it tries multiple hypothesis.
Proposal 11: Network configures PUSCH resources as “data carrying candidates” for MsgA data. UE selects a preamble to indicate the starting time and frequency position of the “data carrying candidate” and the size of the “data carrying candidate”.
Observation 11: If the UE selects the size of the “data carrying candidates” based on the amount of resources it needs to transmit PUSCH and doesn’t signal this selection to the gNB. The gNB decodes multiple hypothesis, which increases the gNB’s decoding complexity.
We have the following observations and proposals on the inclusion of control information in MsgA:
Observation 12: Including assisting uplink control information, such as MCS, payload size, amount of PUSCH physical resources simplifies the gNB receiver complexity by avoiding the need to try multiple decode hypothesis.
Proposal 12: The resource elements of the PUSCH Occasion are divided into control resource elements carrying the control information for data reception and data resource elements carrying the actual data information.
Observation 13: Transmission of control information in MsgA should be of high reliability and robustness. 
Observation 14: To improve the reliability of the control information carried by the PUSCH Occasions, the amount of control information conveyed should be limited.
Proposal 13: The control information for data info part of MsgA modulates a low PAPR sequence.
Proposal 14: The preambles associated with each PUSCH Occasion are divided into subsets, which each subset associated with a low PAPR sequence within the control resource elements of the PUSCH Occasion.
We have the following proposal regarding the MsgA PUSCH waveform:
Proposal 15: A parameter is included in the configuration of 2-step RACH to determine the waveform (DFT-s-OFDM or CP-OFDM) used for MsgA PUSCH part.
We have the following observation regarding the MsgA numerology in relation to NR-U:
Proposal 16: Postpone 2-step RACH design specifically targeted NR-U until NR-U channel access and mapping has completed.
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A	Appendix
In RAN1#96 [2], the following agreements related to the 2-step RACH structure were made:

R1-1903435
Agreements:
· PUSCH occasion for 2-step RACH is defined as
· the time-frequency resource for payload transmission associated with a PRACH preamble in msgA
· 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 RAN1#96bis [3], the following agreements related to the 2-step RACH structure were made:
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.

Working assumption:
· At least support one-to-one and multiple-to-one mapping between preambles in each RO and associated PUSCH resource unit.
· Configurable number of preambles (including one or multiple) mapped to one PUSCH resource unit
· FFS one-to-multiple mapping
· Companies are strongly encouraged to perform additional evaluations/analysis

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

R1-1905878
Agreements:
· Adopt the following table for the link-level evaluation:
	Parameters
	Values 

	The number of PUSCH symbols & PUSCH mapping type
	14, Type A;
[6], Type B as optional

	1) Total Number of PRBs for msgA PUSCH
Or 
2) number of PRBs per PUSCH occasion 
Note: either of them should be aligned for scheme comparison
	[6, 12]
Or 
[1,2,3]

	PUSCH DMRS overhead
	[2 or 3] DMRS symbols

	Frequency hopping for msgA PUSCH
	Company report, enabled/disabled

	Preamble format
	Format 0/[A1]; [32, 64] preambles in each RO.
Other preamble formats or number of preambles are not precluded
Note: company report number of SSBs per RO

	Number of UEs
	1 as a starting point;
FFS: 2 or more for evaluation of shared PUSCH occasion or can be reported
Power modelling for FFS (Note: before the FFS is resolved, companies to report the detailed modelling)
FFS: interference from the adjacent PUSCH resource occasion, including how to model relative SINR, timing, etc.

	TBS
	1) 56 72 bits as starting point for minimum payload size, other values are not precluded
2) Company report for the evaluation of payload size
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