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1. Introduction
In the previous meetings, RAN1 discussed the possible design on physical UL channel in the unlicensed spectrum and made the following agreements [1]:

Agreement:
· For scenarios in which a block-interlaced waveform is used for PUCCH/PUSCH, it has been identified that from FDM-based user-multiplexing standpoint it can be beneficial to have UL channels on a common interlace structure, at least for PUSCH, PUCCH, associated DMRS, and potentially PRACH

· Note: This is only from a user-multiplexing perspective. Other aspects of PRACH design need to be considered, i.e., timing estimation accuracy, miss detection rate, PAPR, RACH capacity, transmission power

· For scenarios in which a contiguous allocation for PUSCH and PUCCH is used, it is beneficial to use contiguous resource allocation for PRACH

· FFS: Potential LBT blocking due to TA difference between FDM’d PUSCH, PUCCH, and PRACH

Agreement:
· For scenarios in which a block-interlaced waveform is used for UL transmission, a PRB-based block-interlace design has been identified as beneficial at least for 15 and 30 kHz SCS, and potentially for 60 kHz SCS

· Link budget limited cases with given PSD constraint

· It is observed that power boosting gains decrease with increasing SCS

· As one option to efficiently meet the occupied channel bandwidth requirement

· Comparatively less specification impact than Sub-PRB interlace design 

· Design for 60 kHz requires further discussion, e.g., sub-PRB vs. PRB-based block interlace designs

· The following has been observed for sub-PRB block interlace designs

· In some scenarios sub-PRB interlacing can be beneficial in terms of power boosting

· FFS: scenario details, e.g., small resource allocations

· Sub-PRB interlace design has at least the following specification impact:

· Reference signal design (e.g., DMRS)

· Channel estimation aspects

· Resource allocation

Agreement:
· It has been identified as beneficial to support a block-interlaced structure in which the number of interlaces (M) decreases with increasing SCS, and the nominal number of PRBs per interlace (N) is similar for each SCS (in a given bandwidth) at least for 15 and 30 kHz SCS, and potentially 60 kHz depending on supported interlace design

· FFS: M and N for each supported SCS

· FFS: 60 kHz in case a sub-PRB interlace is introduced
Agreement:
· From a RAN1 perspective it has been identified that supporting a non-uniform interlace structure in which the number of PRBs per interlace is allowed to be different for different interlaces is beneficial from a spectrum utilization point of view

· FFS: Exact number of PRBs per interlace for supported value(s) of M and N

· Note: M is the number of interlaces and N is the nominal number of PRBs per interlace in a given bandwidth

· FFS: Whether or not there are issues in the interlace design in the resource allocation to 2^n1*3^n2*5^n3 in the case of DFT-s-OFDM
 In this contribution, we focus on the design of the UL channel in NR-U.

2. Discussion
1.1. PRACH design in NR-U spectrum

Rel-15 NR supports 13 preamble formats with different sequence lengths and configurable SCSs. The SCS is either 1.25kHz or 5kHz for long formats with sequence L=839 while 15/30/60/120 kHz are supported for short ones with L=139. One regulatory requirement commonly considered in unlicensed spectrum is OCB, which should be larger than 80% of the Nominal Channel Bandwidth for sub-7 GHz NR-U frequency. Apparently, the PRACH mechanism supported in the licensed band cannot fulfill the OCB requirement.

RAN1 has discussed the potential enhancement for PRACH in NR-U. Similar to LAA where PUSCH from different UEs are transmitted over distributed interlaces, the interlace based multiplexing between PRACH and PUSCH, referring to B-IFDM, is proposed by some companies given the PSD restriction and OCB regulatory. 
However, as the interlace structure breaks the ideal cyclic auto-correlation property of the ZC sequence, it leads to an adverse effect on TA performance, and the false alarm rate and misdetection rate of msg1 increases accordingly. Furthermore, we found that the in some conditions the PRACH transmission may be blocked by its multiplexed PUSCH interlace. 

In the following sections, we discuss the blockage between PRACH and PUSCH, and provide some simulation results on the performance of B-IFDM.
1.1.1 Blockage between PRACH and PUSCH

Timing advance mechanism is used to control UL transmission by NW, which instructs UE to transmit the UL signal in advance to compensate the propagation delay so that the orthogonality across simultaneously uplink transmissions can be guaranteed. The timing advance offset is proportional to the distance between UE and gNB, which means for UE far from the base station, a large TA value is required.

The only exception is the transmission of PRACH where there may be no valid information for uplink synchronization, and UE shall assume that timing advance is zero. Guard period is needed to handle the uncertain PRACH transmission delay. However, for the random access attempts using a PRACH format without GP, e.g., A1, if they are transmitted on the last RO within a PRACH slot, then at least one OFDM symbol following the RO must be left empty. In this case, the blank symbol can serve as guard period to avoid ISI between PRACH and its following symbols not used for random access. 
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Figure 1. Blockage between PRACH and PUSCH
It has been identified that B-IFDM is beneficial for achieving higher resource utilization and higher transmission power. However, there is also a possibility that PRACH transmission is prevented by the multiplexed PUSCH transmission. PUSCH transmission is signaled in advance compared with the multiplexed PRACH, but it may fall into the monitoring region for PRACH occasion. To be more specific, if the cell-edge UE who intends to transmit PRACH is in proximity to the one who attempts to transmit PUSCH, the timing advance offset could be larger than the time for RX-TX switching required by UE so that there would be overlapping between PUSCH transmission and the LBT window for PRACH.

Furthermore, if the overlapping part is longer than the 4us, the nominal channel will be claimed as busy within a specified period under the UL channel access rules. As a result, UE has to reset the LBT window for PRACH for further assessment, and the selected RACH occasion becomes unavailable. An example of this case is shown in Figure 1, where both CP and part of PUSCH are included in LBT1 for Msg1.

Considering that the cell coverage required in NR-U may be relatively small compared with that of licensed spectrum, short PRACH formats and 15kHz/30kHz can be considered as baseline. The rx2tx gap requirements defined by RAN4 are 13us and 7us respectively for FR1 and FR2[2]. The values of maximum TA typically increase with the cell radius supported by those PRACH formats and are summarized in Table 2. Note that the overlapping part larger than 4us can easily occur in case A3, B4, C0 and C2, resulting in the blockage of  PRACH.
Observation 1: The PUSCH interlace may block the multiplexed PRACH interlace of cell-edge UE if B-IFDM is adopted.
Table 1. UE Rx/Tx Transition Times
	Transition/FR
	FR1
	FR2

	TRX2TX
	13s
	7s

	TTX2RX
	13s
	7s


Table 2. Maximum TA values and length of the overlapping part
	
	Path 

profile 
(us)

	GP
	RACH SCS=15kHz
	Overlapping part
	RACH 

SCS=30kHz
	Overlapping part

	
	
	
	Radius

(m)
	Max TA


	Max TA

-13us
	Max TA

-7us
	Radius

(m)
	Max TA


	Max TA

-13us
	Max TA

-7us

	A1
	3.13 
	0
	938
	6.25us
	/ Note1
	/
	469
	3.13 us
	/
	/

	A2
	4.69 
	0
	2,109
	14.06us
	1.06us
	7.06us
	1054.5
	7.03 us
	/
	0.03us

	A3
	4.69 
	0
	3,516
	23.44us
	10.44us
	16.44us
	1758
	11.72us
	/
	4.72us

	B1
	3.13 
	72
	469
	3.13us
	/
	/
	234.5
	1.56us
	/
	/

	B2
	4.69 
	216
	1,055
	7.03us
	/
	0.03us
	527.5
	3.52 us
	/
	/

	B3
	4.69 
	360
	1,758
	11.72us
	/
	4.72us
	879
	5.86 us
	/
	/

	B4
	4.69 
	792
	3,867
	25.78us
	12.78us
	18.78us
	1933.5
	12.89us
	/
	5.89us

	C0
	4.69
	1096
	5300
	35.33us
	22.33us
	28.33us
	2560
	17.67us
	4.665 us
	10.665us

	C2
	4.69
	2916
	9200
	61.33us
	48.33us
	54.33us
	4600
	30.67us
	17.665us
	23.665us


Note1: In this case, the PUSCH part transmitted before PRACH is covered by UE Rx/Tx transition period so it won’t disrupt the assessment for the availability of PRACH channel.
However, given the cell radius may not be large in NR-U deployment, the PUSCH part transmitted before PRACH will be covered by UE Rx/Tx Transition period and the multiplexing of PRACH and PUSCH with the different interlaces is still possible.

Observation 2: Multiplexing of PRACH and PUSCH with B-IFDM structure may still be possible in NR-U deployment.

To further evaluate the benefits of B-IFDM, we have simulated and compared the performances of B-IFDM, normal PRACH, and FDM Msg.1 repetition. As shown in section 2.1.2, B-IFDM structure has a comparable performance to normal PRACH in scenarios without interference. However, with the interference strengthening, it severely degrades the performance with an increasing miss-detection rate. 

Therefore, the continuous resource allocation for PRACH should be adopted to guarantee the detection performance of PRACH in unlicensed spectrum. 
Proposal 1: The continuous resource allocation for PRACH is preferred to ensure the detection performance of PRACH in unlicensed spectrum. 

1.1.2 Evaluation for B-IFDM PRACH
In this section, we provide some simulation results to evaluate the B-IFDM based PRACH mapping, where the miss detection rate is evaluated under different interference levels. The simulation assumptions are given as below.
Table 3.  Simulation Assumptions
	Attributes 
	Values or Assumptions 

	Carrier Frequency 
	5GHz; 

	Subcarrier spacing
	15kHz; 

	Bandwidth
	20MHz/106RBs

	Channel model
	TDL-A; delay spread=100ns; 

Low correlation

	UE speed
	3km/h;

	gNB antenna number
	2

	UE antenna number
	1

	PRACH format
	Format A1

	B-IFDM scheme
	8 interlaces, each consisting of 12 RBs

	FDM Msg1 repetition
	2

	Interference UE
	-3/0/3dB compared with target UE

Subcarrier spacing: 15kHz

Bandwidth: 20MHz/106RB, whole bandwidth.

Modulation: 16QAM
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Figure 2. Comparison of B-IFDM, normal PRACH, and FDM Msg1 repetition 

As shown in the simulation results above, the performance of B-IFDM based PRACH is slightly worse than the normal PRACH mapping when there is no interference. However, with the increment of the interference level, the performance of B-IFDM based PRACH deteriorates dramatically compared with the normal PRACH mapping. In B-IFDM, the PRACH sequence is mapped in a non-consecutive manner throughout channel bandwidth, and the auto-correlation property cannot be guaranteed, especially when the level of interference is close to or even higher than the received PRACH signal power observed at the gNB, which is a typical scenario in unlicensed spectrum.

Observation 3: With the interference strengthening, the performance of B-IFDM based PRACH deteriorates dramatically compared with the normal PRACH.
1.2. PUCCH

In the standalone or dual connectivity operation, the PUCCH transmission over unlicensed carrier should be supported. UCI such as ACK/NACK, SR, and CSI can be transmitted in the PUCCH. In NR, both short duration PUCCH and long duration PUCCH are supported. Considering the benefits of transmission of HARQ A/N for the corresponding data in the same shared COT and coverage enhancement, both short and long PUCCH formats should be supported for NR-U. 

In addition, the PUCCH resources are semi-statically configured per BWP. In the unlicensed spectrum, regulations regarding the occupied channel bandwidth (OCB) should be complied with. In order to fulfill the 70% OCB (in 60GHz) or 80% OCB (in 5GHz) requirement, interleaved frequency domain resource allocation for PUCCH should be enabled. Since NR PUCCH format 0/1/4 only support one PRB and format 2/3 can be configured with multiple PRBs, PUCCH format 0/1/4 are not suitable to be supported to fulfill the minimum OCB requirement. 

Note that PUCCH format 2/3 are used for UCI information with more than 2bits, if NR-U only supports PUCCH format 2/3 since in most cases UE will transmit more than 2bits HARQ-ACK due to the uncertainty of LBT result, new scheme to transmit SR or HARQ-ACK with no more than 2bits needs to be considered. In the last meeting, several options to transmit small payload UCI via format 2/3 are summarized. In our view, for the simplicity, zero padding for PUCCH format 2/3 can be considered to transmit SR or HARQ-ACK with no more than 2bits.

To fulfill the regulation requirement for OCB, the semi-statically configured PUCCH resources should occupy 70% or 80% UE nominal channel bandwidth. However, since BWP is introduced in NR, and UE is only allowed to transmit within an active UL BWP unless switched by the network, therefore the UL active BWP can be viewed as the maximum UE nominal channel bandwidth. In this case, the PUCCH resource should be allocated in an interlaced manner to occupy 70% or 80% of the IDLE channels within the UL BWP, where the IDLE channels are the multiple 20MHz sub-bands which are detected as IDLE via LBT. 

In addition, the length of the short PUCCH is 1 or 2 OSs, and the length of the long PUCCH is 4-14 OSs. Even for 15 kHz SCS, the long PUCCH will not exceed 1 ms. For other larger SCS with 2n x 15 kHz (n >1), the duration of the PUCCH will be reduced to less than or equal to 1/2n ms. Therefore, it is possible to apply higher channel access priority to the PUCCH, e.g., one-shot LBT, especially when the UE shares the MCOT with the gNB. 
Proposal 2: For NR-U, only PUCCH formats 2 and 3 are supported.

· Zero padding for PUCCH format 2/3 can be considered to transmit SR or HARQ-ACK with no more than 2bits.
Proposal 3: Resource allocation and channel access scheme for PUCCH in unlicensed spectrum should be studied.
1.3. Discussion on sub-PRB interlace design

To satisfy the OCB requirement, eLAA introduced interlace based channel design. This resource allocation structure allows a node to transmit higher power and span a wide bandwidth but without occupying entire system bandwidth. During the last meeting discussion, it was agreed that interlace design for 60 kHz requires further discussion, e.g., sub-PRB vs. PRB-based block interlace designs. In the remaining of the clause, we analyze the impacts of sub-PRB interlace design for uplink signals and channels from different aspects.
1)  Interlace design: From Table 4, we can find that the total available number of RBs for the combination of 60kHz SCS and 20MHz BWP is 24 only. If 15kHz, 30kHz and 60kHz follow the principle that the number of interlaces (M) is inversely proportional to SCS and the nominal number of PRBs per interlace (N) is similar for different SCSs (in a given bandwidth), the number of interlaces can only be 2 (assuming that N is about 10 similar to that in eLAA), which means only two different channels or signals can be FDMed within a 20MHz BWP. Therefore, from the multiplexing capacity aspect regarding interlaces number, it is not suitable to adopt PRB-level interlace design for 60kHz SCS. As shown in Figure 3, when sub-PRB (e.g., 6 subcarriers) level interlace is adopted, the interlace design for 60kHz SCS is similar as that of 30kHz SCS with PRB-level interlace design, and the number of interlaces can be doubled which is beneficial for multiplexing capacity.

Table 4.  Maximum transmission bandwidth configuration NRB

	SCS [kHz]
	20 MHz
	25 MHz
	40 MHz
	50 MHz
	60 MHz
	80 MHz
	100 MHz

	
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB

	15
	106
	133
	216
	270
	N.A
	N.A
	N.A

	30
	51
	65
	106
	133
	162
	217
	273

	60
	24
	31
	51
	65
	79
	107
	135


2)  Power boosting: With 60kHz SCS, each RB spans 720kHz which is almost up to 1MHz. As the above discussion, under the PSD limit, if a UE wants to transmit a signal or channel with more power, the UE needs to transmit this signal or channel on a broader band. Or rather, the signal or channel needs to span multiple numbers of 1MHz. As shown in Figure 3, when sub-PRB interlace is adopted, an interlace can span more than 1MHz. Thus UE can transmit with higher power. However, when the signal or channel spans into twenty 1MHz, UE can transmit with maximum transmission power of 23dBm under the PSD limit. Thus, the power boosting gain can only get when one interlace is allocated.
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Figure 3. Example for PRB-level and sub-PRB level interlace design for 60kHz SCS and 20MHz BW

3)  Reference signal design: In NR Rel-15, for PUCCH format 1, a new set of low PAPR sequences with length-12 is supported considering better autocorrelation and cross-correlation properties for better PUCCH format 1 reception and detection. If sub-PRB (e.g., 3 subcarriers) is used, another set of low PAPR sequence with length-3 needs to be specified if PUCCH format 1 is also supported.

For PUSCH transmission, two types of DRMS OCC patterns are supported for MU transmission in NR Rel-15. As shown in Figure 4, OCC with a capacity of 4 and 2 are separately used for pattern 1 and pattern 2. If 6-subcarrier level interlace is adopted, OCC design for pattern 1 needs further study. If 3-subcarrier level interlace is adopted, OCC design for pattern 2 needs further study.
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Figure 4. PUSCH MU patterns in NR Rel-15

4)  Channel estimation: In NR design, uplink channel estimation is operated within each RB (i.e.12 continuous subcarriers). If sub-PRB level interlace design is adopted, gNB needs to do channel estimation within one sub-PRB. Taking NR PUCCH format 2 for example, in order to support 1-symbol duration, FDMed transmission of UCI and DMRS are supported, and the DMRS RE density within one PRB is 1/3, i.e., 4REs within one PRB is used after the balance of DMRS payload and channel estimation accuracy. If sub-PRB (e.g., 3/6 subcarriers) is used, there will be only 1/2 DMRS RE(s) within one sub-PRB. Since the number of DMRS in the frequency domain is decreased, it will have an adverse impact on the channel estimation when frequency filter is adopted.

5) Resource allocation: if interlace structure is adopted for NR-U uplink signals and channels, the resource allocation unit will be one interlace. To guarantee that the allocated resources always occupy an integer number of RBs, when designing the interlace structure, the number of sub-PRBs per interlace needs to be multiple of 4/2 for 3/6 subcarriers level interlace design. Moreover, if both CP-OFDM and DFT-S-OFDM waveforms are supported in NR-U, and for the latter one, from an implementation-complexity point of view, the DFT size, also the size of the resource allocation, should be 2^n1*3^n2*5^n3, where n1, n2 and n3 must be non-negative integers. Then the limitations of total available RB numbers will bring some new issues on resource allocation. Taking 60kHz SCS and 20MHz bandwidth as an example, the total available number of RBs is 24. Assuming that 6-subcarriers level interlace is used, there are 48 sub-PRBs in the bandwidth. Following the principle that M decreases with increasing SCS, and N is similar for each SCS, and N=10 is assumed. Also, a non-uniform interlace structure is assumed, such that the number of sub-PRBs per interlace is (10, 10, 10, 9, 9). Note that the last two interlaces with 9 sub-PRB is not integer multiple of 2. If a UE is allocated with one of the two interlace, the total number of allocated resources in the unit of RB is 4.5.
Based on the above analysis, we think that sub-PRB level interlace design for 60kHz SCS might do more harm than good. In addition, it has been identified that the benefits to operating all UL signal/channels with the same numerology for a carrier and at least for intra-band CA on serving cells on unlicensed bands. In NR Rel-15 preamble formats design, the supported SCS is either 15kHz or 30kHz for short formats in FR1. Therefore, to avoid significant specification impacts, we make the following proposal 
Proposal 4:  In NR-U, sub-PRB level interlace is not supported.

3. Conclusion

In this contribution, we focus on the design of PUSCH and PRACH in NR-U spectrum, and have the following proposals:
Observation 1: The PUSCH interlace may block the multiplexed PRACH interlace of cell-edge UE if B-IFDM is adopted.
Observation 2: Multiplexing of PRACH and PUSCH with B-IFDM structure may still be possible in NR-U deployment.
Observation 3: With the interference strengthening, the performance of B-IFDM based PRACH deteriorates dramatically compared with the normal PRACH.
Proposal 1: The continuous resource allocation for PRACH is preferred to ensure the detection performance of PRACH in unlicensed spectrum. 
Proposal 2: For NR-U, only PUCCH formats 2 and 3 are supported.
· Zero padding for PUCCH format 2/3 can be considered to transmit SR or HARQ-ACK with no more than 2bits.
Proposal 3: Resource allocation and channel access scheme for PUCCH in unlicensed spectrum should be studied.
Proposal 4:  In NR-U, sub-PRB level interlace is not supported.
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