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Introduction
This document extends the discussion on the 2-step RACH BS demodulation requirements introduced in [1] after the discussion on the RAN4 #94-e summarized in [2] and with a proposed way forward in [3]. The agreements reached during the last meeting regarding 2-step RACH BS Demodulation work are as follows:
	· No additional preamble performance requirement for preamble is needed.
· Leave performance requirements for interlaced PUSCH design and long preamble to NR-U WID.
· RAN4 should determine relevant application scenarios for MsgA performance evaluation
· Including a request to all companies to contribute parameters needed for analysis, e.g., cell size of the use cases
· RAN4 should establish whether requirements relating to MsgA performance with T0 offset are functional or performance
· RAN4 should conclude on the need for new requirements



Furthermore, the open issues discussed on RAN4 #94-e are:
	· Application scenarios, 
· whether or not to consider only small cell case? 
· Whether 2 step RACH is only activated near to the centre of large cells ?
· Timing offset (TO) issue:
· Can BS assume the same or different timing offsets among UEs?
· Potential impact on the performance of different TOs
·  RAN1 agreed to support all different preamble formats for 2-step RACH
· If the timing offset between different UEs is large in comparison to the CP length, then some taps of the channel impulse response may fall outside of the CP and the msgA PUSCH from those UEs will not be orthogonal in the frequency domain and will not be orthogonal with regular PUSCH
· This may restrict the system capacity



This paper presents Nokia’s views on the open issues related to the 2-step RACH BS demodulation work, extending the previous discussion introduced in [1].
Application scenarios
The 2-step RACH was designed and agreed in RAN1 as a feature without constraints or assumptions regarding cell size. This is captured in the WID [4]:
	2-step RACH [RAN1, RAN2]
· 2-step RACH shall be able operate regardless of whether the UE has valid TA or not.
· 2-step RACH is applicable to any cell size supported in Rel-15 NR;



It is expected that, since the MsgA PUSCH cannot rely on time-alignment via TA commands, the overall demodulation performance of 2-step RACH is degraded in comparison to the performance of 4-step RACH, unless the demodulation algorithm is changed from 4-step RACH. 
[bookmark: _Ref37068015]2-step RACH applicability is not limited to cell size. 
[bookmark: _Ref37068048]Usage of 2-step RACH is controlled with a configurable RSRP, which can be used to avoid 2-step RACH at cell edges. 
[bookmark: _Ref37068041]New application scenarios may arise as combination of 2-step RACH with other features, such as NR‑U. 
[bookmark: _Ref37068074]No limitation on cell size to be imposed on RAN4 requirements. 2-step RACH to be tested in the same conditions as the Rel-15 4-step RACH procedure.
[bookmark: _Ref37068080]Since 2-step RACH can be configured to avoid cell edge, focus discussion on UE to gNB distances instead of inter-site distance. 
[bookmark: _Ref31793955]Timing offset considerations
Timing offset among UEs
From the last meeting agreements, an open issue for discussion was whether the BS can assume the same or different timing offsets among UEs. In order to evaluate this issue, we analyse how the PUSCH Opportunity (PO) containing MsgA PUSCH messages is allocated on the UL resources, and how the MsgA PUSCH messages are allocated within a PO. 
Figure 1 shows an example of how the PO is allocated. The PO can be configured with parameters such as the time offset in relation to the RACH opportunity, msgAPUSCH-timeDomainOffset, the duration of the PO: nrofSlotsMsgAPUSCH, the width of the PRUs: nrofPRBsperMsgAPO; and how many PRUs are multiplexed in frequency domain in one time instance: nrMsgAPO-FDM. The configuration of the PO may be such that other UL traffic may be sharing the same time-domain resources. 
[image: ]
[bookmark: _Ref30409447][bookmark: _Ref37063569]Figure 1 Example representation of time/frequency domain allocation of RACH occasion (RO) and PUSCH occasion (PO) and PUSCH Resource Unit (PRU) mapping

[image: ]
[bookmark: _Ref30506597]Figure 2 Mapping between PRACH preamble indexes and PUSCH Resource Units (PRU)
The mapping of PRACH preambles to PUSCH resource units is made following a distribution described in TS 38.213, and [5]
	A mapping between one or multiple PRACH preambles and a PUSCH occasion associated with a DMRS resource is per PUSCH configuration.



[bookmark: _Ref37068092]Normal UL data with MAC CE TA corrected timing offset may be sharing the same time domain resources of MsgA PUSCH without compensation of timing offset. 
[bookmark: _Ref37068098]MsgA PUSCH from different UEs with different TOs may be sharing the same time/frequency resources using different DMRS resources. 
Theoretical evaluation of time offset 
In order to evaluate the effect of timing offset in PUSCH, we first evaluate the taps of a channel impulse response causing inter-symbol interference. We perform this analysis for the TDLC300 channel model that is currently used for PRACH and PUSCH in Table G.2.1.1-4 in [6]. 
In this analysis, in addition to the timing offset caused by propagation delay Toffset, also the UE timing error limit Te limit from 38.133, table 7.1.2-1, and the different implementation options for FFT alignment KFFT alignment are considered. The Te limit depends on the subcarrier spacing of both SSB and PUSCH. This analysis considers only 15 kHz SSB subcarrier spacing. Additionally, practical OFDM receiver implementations place their FFT window not exactly at the CP boundary in order to account for timing uncertainties and other effects. As a result, the analysis of how much of the channel model energy would result in ISI has to consider a factor 0 < KFFT alignment ≤ 1, which models the FFT position in the receiver. 
As a result, every kth tap of the channel impulse response is evaluated to determine if it is within the cyclic prefix length CPlength as:  
Ttap(k) + Toffset + Te limit  < CPlength KFFT alignment,
and if this condition is not met, the kth tap is considered as exceeding the CP. 
The analysis for the TDLC300 channel with FFT window aligned at the FFT boundary is shown in Figure 3 for 15 kHz and 30 kHz SCS. If can be noticed that on the range of TO of this figure, 15 kHz SCS has no ISI for the channel model analyzed, while 30 kHz SCS presented about 3 % of energy outside of the CP for 1 us TO. The same analysis was repeated in Figure 4 for an FFT window placed at a) ¾ and b) ½ of the CP boundary. In the latter cases, there is a significant increase of the energy of channel impulse response taps outside the cyclic prefix, even for 15 kHz SCS. 

[image: ]
[bookmark: _Ref36135664]Figure 3 Energy of taps with delay exceeding cyclic prefix for TDLC300 channel model with FFT window aligned at CP boundary
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	a)
	b)


[bookmark: _Ref36136222]Figure 4 Energy of taps with delay exceeding cyclic prefix for TDLC300 channel model with FFT window aligned at a) 3/4 and b) 1/2 of the CP boundary

[bookmark: _Ref37068103]When considering practical receiver implementations and channel model TDLC 300, taps exceeding the CP length account for a significant amount of energy already for UE to gNB distances of 150 m. 

PUSCH simulation results with uncorrected time offset
Several algorithms are available for channel estimation, some of which are sensitive to unknown time offset. Figure 5 shows one example of a receiver that assumes perfect time alignment of the PUSCH and simulation assumptions shown in Table 1. In these results, the channel estimator is based on a state-of-the-art Wiener-filter [7]. In that figure, it is possible to notice that uncorrected timing offset causes a noticeable performance degradation, due to inaccurate channel estimation. In this situation, even if the TO is not large enough to cause ISI, the performance of PUSCH can be degraded. In that example, 0.9 us of TO are enough to cause about 1.3 dB degradation in the PUSCH performance. 

[bookmark: _Ref36208424] [image: ]
[bookmark: _Ref37241082]Figure 5 Link level results for PUSCH, 1Tx 2Rx, with uncorrected TO and Wiener filter channel estimator without consideration of TO
 
[bookmark: _Ref37172531]Table 1 Simulation assumptions 
	Parameter
	Value

	Waveform
	CP-OFDM

	FFT size / CP size
	1024 / 72

	Subcarrier spacing
	30 kHz

	Frequency band
	4 GHz

	Propagation channel model
	TDL-C-300ns

	UE velocity 
	3 kmph

	Antenna configuration
	1Tx 2Rx

	MCS index
	2

	RS
	DMRS configuration type 1, 2 OFDM symbols per slot
l=1,4

	Timing Offset
	[0 0.6 0.9 2.3 2.6]us

	Number of UEs
	Single user

	Number of PRBs
	4

	Number of OFDM symbols
	7



These results show that a hypothetical Rel. 15 gNB with such a channel estimator would have passed the tests of Rel. 15 PUSCH since no TO errors were included. Hence, it is conceivable to have a BS implemented relying completely in MAC CE-based TA command for PUSCH time synchronization. In particular, one could imagine that some practical implementations won’t be able to estimate TOE based on DMRS and apply it on the TOC in the same slot. Such a gNB would not function in 2-step RACH as indicated in the figure. To prevent such gNB to declaring conformance to 2-step RACH feature we need to introduce tests with TO error. 
[bookmark: _Ref37068108]As Rel. 15 PUSCH performance tests do not consider timing offset errors, there could be gNB implementations that do not rely on DMRS for timing offset estimation. 
[bookmark: _Ref37068115]A gNB without appropriate timing offset estimation could experience performance degradation of 1.3 dB for a TO as small as 0.9 us, which corresponds to 135 m distance to the gNB. 
[bookmark: _Ref37068214]RAN4 to establish 2-step RACH requirements for MsgA considering timing offset within the timing error range tested in 4-step RACH. 

Proposal for simulation assumptions
Evaluation metric
As the evaluation metric, we understand that this feature is not about the throughput, but agile UE initiated access. Therefore, the most meaningful KPI to be analyzed is the missed detection rate and false alarm rate, instead of the throughput.  Additionally, from Observation 2, the MsgB response will depend on which parts of the MsgA were correctly demodulated. Considering Observation 2 and Proposal 2 the following is proposed:
[bookmark: _Ref30000563][bookmark: _Ref37076510]Use as evaluation metric the SNR at which the joint PRACH/PUSCH missed detection rate is below 1%. Fallback to 4-step procedure is considered as an error. False alarm should be < 0.1%. 
[bookmark: _Ref31798729]Retransmissions of MsgA do not increment the redundancy version number of PUSCH as defined in clause 8.1A of TS 38.213 [8]. Therefore, the missed detection rate statistics should not be influenced by the choice of the number of retransmissions msgA-TransMax. 
[bookmark: _Ref30664887]Evaluation metric should consider all the transmissions and retransmissions of MsgA for the calculation of the missed detection rate. 
Feature configuration
This section defines parameters for an evaluation scenario considering a typical 2-step RACH use case. 
In typical scenarios where this feature would be applied, it is desirable to send small messages. The minimum payload expected for the 2-step RACH consists of RRC messages such as RRCRequest, RRCReestablishmentRequest, and RRCResumeRequest with short I-RNTI which are 56 bits long, and RRCResumeRequest with Long I-RNTI which is 72 bits long. A larger transport block size for MsgA PUSCH is also possible, however the resulting allocation of PRUs would either imply in an excessive use of resources, or a RO to PO mapping that increases the probability of UEs sharing the same time/frequency resource. 
[bookmark: _Ref32231854]Typical use cases where 2-step RACH have traffic that comprises small RRC messages of 56 bits, e.g. RRCRequest, RRCReestablishmentRequest, and RRCResumeRequest with short I-RNTI, or 72 bits, e.g.  RRCResumeRequest with Long I-RNTI.
[bookmark: _Ref32231729]Define requirements and tests for transport block sizes of 56 bits. 
When considering the proposals and observations above and on [1] the following proposal is derived:
[bookmark: _Ref31800006]One possible configuration of the 2-step RACH feature, that fulfils our previous observations and proposals in [1] is detailed in Table 2. It can serve as a basis for discussion for simulation alignment.
NOTE: The table from Proposal 7 is included as a comprehensive list of 2-step RACH configuration options, and not all these parameters have to be included as requirements.

[bookmark: _Ref31799864][bookmark: _Ref31814272]Table 2 Proposed configuration of RO and PO
	Parameter
	Value 
	Value
	Value

	Scenario label
	Preamble 0
	Preamble A2
	Preamble C2

	Packet payload
	56 bits
	56 bits
	56 bits

	PRACH preamble
	0
	A2
	C2

	msgA-prach-ConfigurationIndex (Note 1)
	12
	90
	205

	msgA-totalNumberOfRA-Preambles
	4
	4
	4

	msgA-RO-FDM
	8
	4
	4

	msgA-ssb-sharedROmaskindex
	0
	0
	0

	nrofSlotsMsgAPUSCH
	2
	2
	2

	nrofMsgAPOperSlot
	1
	1
	1

	nrMsgAPO-FDM
	8
	12
	8

	nrofDMRS-Sequences
	1
	1
	1

	number CDM group (msgAPUSCHDMRSCDMgroup)
	2
	2
	2

	ports per CDM group (msgAPUSCHNrOfPort )
	1
	1
	1

	MCS index
	2
	2
	2

	msgAPUSCH-timeDomainOffset
	5
	5
	5

	guardPeriodMsgAPUSCH
	1
	1
	1

	guardBandMsgAPUSCH
	0
	0
	0

	nrofPRBsperMsgAPO
	16
	24
	16

	dmrs symbols
	2
	2
	2

	subcarrier spacing
	15 kHz
	30 kHz
	30 kHz

	NOTE 1: msgA-prach-ConfigurationIndex is determined such that prachTDMoccasions = 1 for preamble 0, prachTDMoccasions = 3 for preamble A2, and prachTDMoccasions = 2 for preamble C2 from 38.211 clause 6.3.3.2 [9].



[bookmark: _Hlk31794208]Conclusion
In this discussion paper the requirements for 2-step RACH BS demodulation are discussed. When considering the new behavior of 2-step RACH, it is concluded that new optional requirements are necessary to evaluate the joint PRACH/PUSCH performance. Observations and proposals are derived from this discussion are presented as follows. 
Application scenarios: 
Observation 1: 2-step RACH applicability is not limited to cell size.
Observation 2: Usage of 2-step RACH is controlled with a configurable RSRP, which can be used to avoid 2-step RACH at cell edges.
Observation 3: New application scenarios may arise as combination of 2-step RACH with other features, such as NR‑U.
Proposal 1: No limitation on cell size to be imposed on RAN4 requirements. 2-step RACH to be tested in the same conditions as the Rel-15 4-step RACH procedure.
Proposal 2: Since 2-step RACH can be configured to avoid cell edge, focus discussion on UE to gNB distances instead of inter-site distance.

Impact of TO on MsgA PUSCH:
Observation 4: Normal UL data with MAC CE TA corrected timing offset may be sharing the same time domain resources of MsgA PUSCH without compensation of timing offset.
Observation 5: MsgA PUSCH from different UEs with different TOs may be sharing the same time/frequency resources using different DMRS resources.
Observation 6: When considering practical receiver implementations and channel model TDLC 300, taps exceeding the CP length account for a significant amount of energy already for UE to gNB distances of 150 m.
Observation 7: As Rel. 15 PUSCH performance tests do not consider timing offset errors, there could be gNB implementations that do not rely on DMRS for timing offset estimation.
Observation 8: A gNB without appropriate timing offset estimation could experience performance degradation of 1.3 dB for a TO as small as 0.9 us, which corresponds to 135 m distance to the gNB.
Proposal 3: RAN4 to establish 2-step RACH requirements for MsgA considering timing offset within the timing error range tested in 4-step RACH.

Simulation scenario:
Proposal 4: Use as evaluation metric the SNR at which the joint PRACH/PUSCH missed detection rate is below 1%. Fallback to 4-step procedure is considered as an error. False alarm should be < 0.1%.
Observation 9: Retransmissions of MsgA do not increment the redundancy version number of PUSCH as defined in clause 8.1A of TS 38.213 [8]. Therefore, the missed detection rate statistics should not be influenced by the choice of the number of retransmissions msgA-TransMax.
Proposal 5: Evaluation metric should consider all the transmissions and retransmissions of MsgA for the calculation of the missed detection rate.
Observation 10:Typical use cases where 2-step RACH have traffic that comprises small RRC messages of 56 bits, e.g. RRCRequest, RRCReestablishmentRequest, and RRCResumeRequest with short I-RNTI, or 72 bits, e.g.  RRCResumeRequest with Long I-RNTI.
Proposal 6: Define requirements and tests for transport block sizes of 56 bits.
Proposal 7: One possible configuration of the 2-step RACH feature, that fulfils our previous observations and proposals in [1] is detailed in Table 2. It can serve as a basis for discussion for simulation alignment.
NOTE: The table from Proposal 7 is included as a comprehensive list of 2-step RACH configuration options, and not all these parameters have to be included as requirements.
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Results for TDLC300 with FFT window aligned at the CP boundary
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Results for TDLC300 with FFT window 3/4 of the CP
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Results for TDLC300 with FFT window 1/2 of the CP
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