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1. [bookmark: OLE_LINK57][bookmark: OLE_LINK58]Introduction
[bookmark: OLE_LINK98][bookmark: OLE_LINK99]In RAN1#96 meeting, some agreements of 2-step RACH channel structure and procedure have been achieved:
	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:
· For the relation of PRACH resources between 2-step and 4-step RACH, further study the following options (for possible down-selection or combination(s) of the options)
· Option 1: Separate ROs are configured for 2-step and 4-step RACH 
· Option 2: Shared RO but separate preambles for 2-step and 4-step RACH
· Option 3: Shared RO and shared preambles for 2-step and 4-step RACH



During the email discussion [1] focusing on potential link-level simulation assumptions for 2-step RACH, some companies expressed views on the modelling of collision probability via analytical model. To this end, we provide some analysis and numerical calculations on the msgA collision probability.
1. [bookmark: OLE_LINK72][bookmark: OLE_LINK71]Collision Probability of MsgA 
1. PRACH collision probability
The following RACH collision probability estimation formula has been captured in [2] assuming that there are a large number of devices in the cell and the arrival of RACH requests is uniformly distributed over time. 

(1)

In the formula,  indicates the arrival rate per interval and L refers to number of opportunities within an interval. In this paper, we set the interval as RO (i.e. RACH occasion). In msgA, the mapping between PRACH and PUSCH could include the mapping relationship from preamble index/RO index/interlace index to the PUSCH configurations including MCS level, payload size , occupied T-F resource, T-F resource location, DMRS port index(OCC pattern), RNTI for scrambling etc. In NR 4-step RACH, GroupA and GroupB partition of preambles has been supported to indicate the payload size/resource utilization information. Therefore grouping of preambles may be considered for 2-step RACH to support a certain level of flexibility of payload size, MCS, occupied T-F resources combinations etc. If equal partition of preamble groups is adopted, unequal traffic arrival rate may lead to collision probability difference across different groups as illustrated in Figure.1. 
Consider the case where the equal partitioned group of preambles are further taken to indicate 2-step and 4-step RACH. If 2-step and 4-step RACH share the same RO but have separate preambles, the collision probability could increase for legacy 4-step RACH UEs with higher traffic arrival rate as illustrated in Figure 1.
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Figure 1. Collision Probability across Equally Partitioned Preamble Groups with Unequal Arrival Rate
The overall collision probability analysis and its impact on mis-detection rate are provided in the appendix.

Observation 1: For equal partition of preamble group, unequal arrival rate will lead to collision probability increase for certain group(s) with arrival rate superior to the average whilst collision probability decrease for the groups with arrival rate inferior to the average.

Observation 2: From the collision probability perspective, sharing RO between 2-step and 4-step RACH is not preferred.

1. PUSCH collision probability
For 2-step RACH, PUSCH is transmitted TDMed with PRACH [3]. The arrival rate at a certain preamble group would be the same as that at the PUSCH resource the preamble group is mapped to. As mentioned in the previous section, the unequal arrival rate at each preamble group will lead to different PRACH collision probability group wise. Therefore unequal collision probability will be anticipated for each PUSCH occasion. This section analyzes the PUSCH collision probability in case of a single preamble group. The conclusion holds as well for the case where the arrival rate at each preamble group is the same or the traffic pattern matches the number of preambles within a group. Extension to the preamble group size and traffic arrival rate mis-match case may be done depending on whether the PRACH/PUSCH collision probability analysis would take a slot or UE perspective elaborated in the appendix.
1. 1-to-1 Mapping (each preamble is mapped to a distinguishable PUSCH occasion or DMRS port)
Similar to the PRACH collision, PUSCH collision probability may be defined as occurrences of choosing the same time,freq.& DMRS port over the total number of PUSCH opportunities(including time, frequency and code domain). 1-to-1 mapping refers to the methodology of mapping each preamble to a certain DMRS port within a time frequency transmission resource unit (PUSCH occasion) allocated to a UE. With the above terminology, we could derive for the case of 1-to-1 mapping, the PUSCH collision probability. To achieve 1-to-1 mapping, the following formula needs to be satisfied








where is the number of time frequency resource units mapped to L 2-step RACH preambles. is the number of DMRS ports that could be used by 2-step RACH msgA PUSCH. The value of  could range from {4,6,8,12} depending on the DMRS Type or number of DMRS symbols.  is likely to be the same across the resources if mod(L,) = 0, otherwise there could be some singular group(s) whose number of DMRS ports used for 2-step RACH PUSCH could be inferior.


For each PUSCH occasion, regardless of  of this unit, the collision probability could therefore be derived as,



1. 1-to-Multi Mapping or Mutli-to-1 Mapping
The multi to 1 mapping may be used for its merit of reduction of PUSCH resource overhead or lower spectral efficiency while 1 to multi mapping may be considered for further reduction of collision probability. 


Also, multi-to-1 mapping or 1-to-multi mapping may be used together with 1 to 1 mapping in case of .  For example, consider the case where the number of 2-step RACH preambles is 64 and the number of DMRS ports supported is 12. To ensure 1 to 1 mapping, one feasible solution could be to allocate 6 PUSCH occasions. Five of all the PUSCH occasions support 12 DMRS ports while the remaining one support 4 DMRS ports. 1 to 1 mapping is therefore achieved.

Unlike the previous pure 1 to 1 mapping solution, another solution may be to establish a mapping relationship between the remaining 4 preambles and the 12 DMRS ports of the remaining PUSCH occasion. 1 to multi mapping is therefore employed for this particular PUSCH occasion. Due to the 1 to multi mapping, the BS needs to blind decode the payload part with the channel estimated by the 3 potential DMRS ports with the detection of a preamble. In this case, the collision probability of the third PUSCH occasion is reduced to


Considering the collision probability for the other PUSCH occasions remains unchanged. The overall collision probability for this case doesn’t decrease much. The blind detection efforts may be non-negligible since 3 times blind detection of DMRS ports on a PUSCH occasion would be performed for the case where DMRS is needed for channel estimation.
 
A third solution may also be feasible by allocating fewer than 6(e.g. 1,2,4) PUSCH occasions. Detailed mapping relationship is listed in the following table 
Table 1 Mapping Relationship Demonstration
	# of PUSCH occasions
	Mapping relationship 

	1
	[image: ]

	2
	[image: ]

	4
	[image: ]

	6
	[image: ]




Consider the case where all the preambles for 2-step RACH are mapped to 1 PUSCH occasion and a 1% PRACH collision probability [image: ]. Then the following constraint on holds.  





The traffic arrival rate  would reach   when , with which potential maximum PUSCH collision probability on a PUSCH occasion could be derived as follows,


Similar calculations could be done for all the mapping methodology listed in Table 1 where for # of PUSCH occasions belongs to{1,2,4}, multi-to 1 mapping is assumed and for # of PUSCH occasion = 6, 1 to 1 mapping is assumed.
Table 2 Numerical estimation of PUSCH collision probability
	# of PUSCH occasions
	PUSCH collision probability

	1
	0.0519

	2
	0.0263

	4
	0.0132

	6
	0.01



Usually, the PUSCH collision will results in an error floor on the BLER performance and thus it should be avoided as much as possible. However, for the case where UEs perform random access with various timing offsets, it is still likely that the performance is not severely degraded even though they select the same DMRS port and transmit on the same PUSCH occasion, as shown in Figure 2. Therefore, as long as the collision probability is not high, it may not be necessary to further address the collision issues. More details can be found in our companion contribution [5].
[image: ]
Figure 2 BLER vs. SNR for 2UEs with PUSCH and DMRS collision

Observation 3: 1 to 1 mapping could minimize the PUSCH collision probability, to be the same as preamble collision probability.
Observation 4: The performance impact (error floor) due to PUSCH collision needs further study.

1. Conclusions
Based on the above sections, the following observations are made,
Observation 1: For equal partition of preamble group, unequal arrival rate will lead to collision probability increase for certain group(s) with arrival rate superior to the average whilst collision probability decrease for the groups with arrival rate inferior to the average.
Observation 2: From the collision probability perspective, sharing RO between 2-step and 4-step RACH is not preferred.
Observation 3: 1 to 1 mapping could minimize the PUSCH collision probability, to be the same as preamble collision probability.
Observation 4: The performance impact (error floor) due to PUSCH collision needs further study.
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Appendix
It was mentioned in [5] that the collision probability captured in [1] is obtained from UE perspective while the original definition in section 6.3.1 in the TS implies the slot perspective vision. A modified collision probability version would be to use the following formula,

 (2)
Considering the fact that the function in formula (1) is a concave function, then the overall collision probability would even decrease with unequal traffic arrival rate at each equally partitioned group. However, this formula (2) is a convex function and the overall probability would increase with unequal traffic arrival rate at each equally partitioned group.

According to (3), the mis-detection probability may be defined as the ratio between the total number of transmitted preambles that are either not detected, or detected as a different preamble, or detected but with timing error greater than the maximum value (i.e., 50% of normal CP length), and the total number of transmitted preambles within an observation interval. Collision probability from UE perspective refers to the conditional probability under the situation where there exists already a UE performing RACH access. Assuming at least 1 UE is detected, the mis-detection probability from UE perspective could therefore be calculated as follows,


Collision probability from slot perspective refers to the situation where no UEs are performing RACH access.  Assuming at least 1 UE is detected, the mis-detection probability from UE perspective could therefore be calculated as follows,


The mis-detection probability are both convex and traffic/preamble group size mis-match would lead to overall collision probability increase.
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