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1. Introduction
In RAN1 ad-hoc #1901 meeting, the following agreements and working assumption were achieved regarding the physical UL channel design in unlicensed spectrum [1].
Agreement:
For interlace transmission of at least PUSCH and PUCCH, the following PRB-based interlace design is supported for the case of 20 MHz carrier bandwidth:

a. 15 kHz SCS: M = 10 interlaces with N = 10 or 11 PRBs / interlace

b. 30 kHz SCS: M = 5 interlaces with N = 10 or 11 PRBs / interlace

Note: PRACH design to be considered separately, including multiplexing aspects with PUSCH and PUCCH

Working assumption:
· For a given SCS, the following interlace design is supported at least for PUSCH:

· Same spacing (M) between consecutive PRBs in an interlace for all interlaces regardless of carrier BW, i.e., the number of PRBs per interlace is dependent on the carrier bandwidth

· Point A is the reference for the interlace definition

· For 15 kHz SCS, M = 10 interlaces and for 30 kHz SCS, M = 5 interlaces for all bandwidths

· FFS: Interlace design for PUCCH for bandwidths greater than 20 MHz

· FFS: Whether and how partial interlace allocation is supported
In this contribution, we will discuss the physical UL channel design in unlicensed spectrum.
2. Discussion
1.1.  Interlace designs for 15 kHz and 30 kHz SCS
Partial interlace allocation

During the last meeting, it was agreed as working assumption that for bandwidths greater than 20 MHz, same spacing (M) between consecutive PRBs in an interlace for all interlaces regardless of carrier BW is supported.  Regarding partial interlace allocation, we think that it should be supported.

On one hand, for wideband operation, some sub-bands may not be available depending on LBT outcome, the PRBs in non-available sub-bands for this interlace can’t be used for transmission.

On the other hand, for NR-U operation with bandwidth larger than 20MHz (e.g., 80MHz), if guard band is identified as needed by RAN4, the PRBs in the guard band couldn’t be used if LBT succeeds in one LBT sub-band only.
In the above two cases, partial interlace needs to be used for data mapping for UL transmission.

Proposal 1: Partial interlace is supported to make wideband operation flexible.
Next, OCB requirement is discussed when the interlace design method in the above working assumption is adopted together with partial interlace. For 20MHz LBT subband, if the guard band is not larger than the minimum guard band requirements provided in Table 5.3.3-1 (e.g. 805kHz for 30kHz SCS and 452.5kHz for 15kHz SCS) in TS 38.104, at least 10PRBs per interlace could be guaranteed which could definitely meet the OCB requirements, i.e. ((N-1)*M+1)*SCS*12/20MHz=((10-1)*5+1)*30kHz*12/20MHz=82.8% for 30kHz SCS and ((10-1)*10+1)*15kHz*12/20MHz=81.9% for 15kHz SCS. Taking 30kHz SCS and 80MHz bandwidth as an example, the interlace design is illustrated in Figure 1, if the identified guard band is not larger than 805kHz that is a little more than 2 PRB bandwidth, each interlace in each subband has at least 10PRBs when the guard band PRB is not included. However, if the identified needed guard band is larger than 805kHz, OCB requirement may not be met in certain case. For example, if the guard band is larger than 895kHz, interlace 1 in subband 3 will only have 9 PRBs left, i.e. (116, 121, …, 156). In this case, the OCB ratio is ((9-1)*5+1)*30kHz*12/20MHz=73.8% which does not meet OCB requirement.
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Figure 1 Illustration of interlace design example (30kHz SCS, 80MHz bandwidth, M=5)
Observation 1: Using same interlacing design could meet OCB requirement if the identified guard band requirement in RAN4 is not larger than the minimum guard band in TS 38.104; Otherwise OCB requirement may not be met and should be revisited for the identified guard band value.
Interlace design for PUCCH for bandwidths greater than 20MHz
On interlace design for PUCCH for bandwidths greater than 20 MHz, from our view, uniform interlace design for PUCCH and PUSCH is beneficial from channel multiplexing perspective. One concern on supporting interlace design for PUCCH for bandwidths greater than 20 MHz is that whether it is needed to support PUCCH with bandwidths greater than 20MHz, since PUCCH needs less resources in terms of PRBs than PUSCH. As discussed above, partial interlace allocation can be supported to accommodate small resource allocation.
Proposal 2: Interlace design for PUCCH for bandwidths greater than 20 MHz can be the same as that of PUSCH, i.e,
· Same spacing (M) between consecutive PRBs in an interlace for all interlaces regardless of carrier BW, i.e., the number of PRBs per interlace is dependent on the carrier bandwidth

· Point A is the reference for the interlace definition

· For 15 kHz SCS, M = 10 interlaces and for 30 kHz SCS, M = 5 interlaces for all bandwidths
1.2. Interlace design for 60 kHz SCS
On interlace design, PRB-based interlace designs for 15 kHz SCS and 30 kHz SCS were agreed in the last meeting. One remaining issue is the interlace design for 60 kHz SCS, and for 60 kHz SCS design, the following are captured in TR 38.889 [2]:
	Both PRB and sub-PRB interlacing for 60 kHz have been studied. For sub-PRB interlacing the following aspects have been considered:

-
Power boosting potential depending on resource allocation size

-
PUSCH DMRS configuration aspects

-
Channel estimation performance

-
Number of REs per interlace unit


In RAN1#94bis meeting, the number of interlaces (M) and number of PRBs per interlace (N) for PRB-based interlace designs have been identified within a 20 MHz bandwidth. It can be found via OCB calculation that, for M = 4, N = 6 (or 7), interlace with 6PRBs could not meet the OCB requirement (frequency span = (N-1)*M+1 = 21PRB = 14.77MHz <16MHz, 80% of 20MHz), likewise, M = 3, N = 8 could not meet the OCB requirement, either.  Table 1 shows the occupied channel bandwidth (OCB) for each candidate for 60 kHz.
Table 1 candidate interlace designs and OCBs for 60 kHz SCS
	SCS
	M
	N
	OCB

	60 kHz
	4
	6
	75.6%

	
	3
	8
	79.2%

	
	2
	12
	82.8%

	60 kHz (if 26 PRBs is supported in a 20 MHz bandwidth)
	4
	6 or 7
	75.6%

	
	2
	13
	90%

	
	3
	8 or 9
	79.2%


From Table 1, we can see that for 60 kHz SCS, only two candidates can meet the OCB requirement, that is, M=2, N=12, or M=2, N=13. However, 26 PRBs has not been supported in a 20 MHz bandwidth in RAN4, thus only candidate of M=2, N=12 can be considered.
Observation 2: For PRB-based interlace designs for 60 kHz SCS, only one candidate of M=2, N=12 can meet the OCB requirement if 26 PRBs is not supported in a 20 MHz bandwidth.

For sub-PRB interlace design, we analyze the design from following aspects.
1) Sub-PRB interlace can benefit from power boosting gain under PSD limitation.

With 60 kHz SCS, each RB spans 720 kHz which is almost up to 1 MHz. Under the regulatory requirement on PSD (e.g., the PSD limit is defined as: 5150-5350 MHz with/without TPC: 10dBm/MHz), if a UE transmits a signal or channel with higher power, the UE needs to transmit this signal or channel on a broader band larger than 1MHz. If sub-PRB interlace is adopted, an interlace can span broader band compared with PRB-level interlace under a certain interlace number design. Thus UE can transmit with a higher power. For example, 4 interlaces and 6 PRBs per interlace can be one candidate design if PRB-level interlace is adopted. If the same interlace number is assumed for sub-PRB level interlace design, there are 12 sub-PRB per interlace, that is, the interlace design is 4 interlaces and 12 sub-PRBs per interlace. Assuming that PSD limit is 10dBm/MHz, the maximum transmission power for a UE with 6 interlaced PRBs will be 10+10log (6) = 17.8dBm, while the maximum transmission power for UE with 12 interlaced sub-PRBs will be 10+10log (12) = 20.8dBm. Thus, sub-PRB interlace design can benefit from power boosting in some way. However, when the signal or channel spans over 20MHz, UE can transmit with maximum transmission power of 23dBm under the PSD limit. In brief, the power boosting gain can be reaped for only one interlace allocation.
In addition, we made some simulations for PUCCH transmission power under 60 kHz and details of the simulation assumptions are provided in the Appendix A. Simulation results are shown in the following Figure 2 where we find that for 14-symbol PUCCH format 3, the PUCCH power is always less than 17.8dBm whatever the payload size is 8-bit or 16-bit. However, for 1-symbol PUCCH format 2 with 8-bit HARQ-ACK, there are about 16% UEs that transmit PUCCH with power more than 20.8 dBm and more than 26% UEs cannot get the target SNR if UE can only transmit PUCCH with power of up to17.8dBm. Thus, if short PUCCH is adopted for NR-U, it is significant for PUCCH transmission power boosting from our point of view.
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[image: image3.png]the CDF distribution of PUCCH power for format 2(16bit-UCI)
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Figure 2 simulation results of PUCCH transmission power under 60 kHz SCS
2) Reference signal design: OCC design may need to be designed

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 for PUCCH format 1, if supported.

For PUSCH transmission, two types of DRMS OCC patterns are supported for MU transmission in NR Rel-15. As shown in Figure 3, OCC with a capacity of 2 and 4 are separately supported for type-1 and type-2. Since OCC is not available for REs across different clusters within an interlace, if 3-subcarrier level interlace is adopted, the legacy DMRS type cannot be reused and the OCC design for type-1 needs further study. Similarly, further consideration on OCC design for type-2 is required if 6-subcarrier level interlace is adopted.
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Figure 3 PUSCH MU patterns in NR Rel-15

3) Channel estimation: If sub-PRB level interlace design is adopted, gNB needs to perform channel estimation within one sub-PRB. 
Taking NR PUCCH format 2 for an 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 for DMRS considering the balance between DRMS 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 REs in the frequency domain is decreased, it will have negative impact on the channel estimation. 

4) Restrictions on resource allocation and interlace design
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 integer multiple of 4/2 for 3/6 subcarriers level interlace design. Taking 60 kHz 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 interlaces, total number of allocated resources in the unit of RB is 4.5. 
Proposal 3: For NR-U, sub-PRB level interlace design for 60 kHz can be further studied.
1.3. UL waveform
Regarding UL waveform design in NR-U, it has been identified that it is beneficial to apply restrictions on the use of DFT-s-OFDM [2]. Although a waveform contiguous in frequency may be adequate in some scenarios, it has been identified that interlaced waveform can have benefits and as one option to efficiently meet the occupied channel bandwidth requirement. In [3], it has been analyzed that the PAPR gain of DFT-s-OFDM waveform will vanish under interlaced resource allocation. Furthermore, the application of DFT-s-OFDM will have restriction on the interlace design in terms of PRB number per interlace. Thus, we think that for interlaced structure of PUSCH/PUCCH, only CP-OFDM waveform is supported.
Proposal 4: For NR-U, only CP-OFDM waveform is supported for interlaced structure of PUSCH/PUCCH.
1.4. PUCCH enhancement

For PUCCH design in unlicensed spectrum, it has been identified that legacy PUCCH formats PF2 and PF3 are beneficial for NR-U for the scenario of contiguous allocations due to the fact that they may be configured with bandwidth that meets the minimum temporal allowance of 2MHz. Moreover, it has been identified that enhancement of one or more legacy PUCCH formats is feasible to support block interlaced PUCCH transmission.
Once interlaced structure is supported for PUCCH, the resource allocation unit will be an interlace rather than a PRB, since interlace level resource granularity is significantly large, multiplexing of different UEs on the same interlace can improve resource utilization. The following Figure 4 shows an example for multiplexing, where PUCCH is in interlaced structure and within each PRB of the interlace, different UEs can be multiplexed in comb-based manner. Comparing with that of OCC used for multiplexing, this scheme can benefit from power boosting gain which is significant for 60 kHz as discussed in the above section 2.2.
It is worth noting that the DM-RS for PUCCH also need to be interlaced between UEs in a PRB. Hence the power for DM-RS and UCI can be kept as the same level for a particular UE.
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Figure 4 interlaced structure PUCCH design for multiplexing
Proposal 5: For interlaced PUCCH design for NR-U, comb-based multiple UEs multiplexing within each PRB can be considered for UCI and DM-RS.
1.5. Flexible UL starting position
The following options have been identified as possible candidates at least for the first PUSCH(s) transmitted in the UL transmission burst.

Option 1: PUSCH(s) as in Rel-15 NR

Option 2: Multiple candidate starting positions in one or multiple slot(s) are allowed for PUSCH scheduled by a single UL grant (i.e., not a configured grant) and one of the multiple PUSCH starting positions can be decided depending on LBT outcome. 
Option 1 is already supported by Type B PUSCH with multiple mini-slots scheduled to achieve flexible UL starting position within one slot. However, this option may result in more signaling overhead and HARQ processes. Option 2 could solve this issue with small spec impact by puncturing the UL data which is similarly done in FeLAA. Then the following proposal is made:
Proposal 6: NR-U supports indication of the PUSCH start positions as follows,

· Option  1: Rel-15 mechanism
· Option 2: Multiple candidate starting positions for PUSCH, from which UE autonomously decides one candidate based on LBT outcome.
3. Conclusion
In this contribution, we make discussions on the design of physical UL channel design in unlicensed spectrum, and have the following observations and proposals.
Observation 1: Using same interlacing design could meet OCB requirement if the identified guard band requirement in RAN4 is not larger than the minimum guard band in TS 38.104; Otherwise OCB requirement may not be met and should be revisited for the identified guard band value.
Observation 2: For PRB-based interlace designs for 60 kHz SCS, only one candidate of M=2, N=12 can meet the OCB requirement if 26 PRBs is not supported in a 20 MHz bandwidth.
Proposal 1: Partial interlace is supported to make wideband operation flexible.
Proposal 2: Interlace design for PUCCH for bandwidths greater than 20 MHz can be the same as that of PUSCH, i.e,
· Same spacing (M) between consecutive PRBs in an interlace for all interlaces regardless of carrier BW, i.e., the number of PRBs per interlace is dependent on the carrier bandwidth

· Point A is the reference for the interlace definition

· For 15 kHz SCS, M = 10 interlaces and for 30 kHz SCS, M = 5 interlaces for all bandwidths
Proposal 3: For NR-U, Sub-PRB level interlace design for 60 kHz can be further studied.
Proposal 4: For NR-U, only CP-OFDM waveform is supported for interlaced structure PUSCH/PUCCH.

Proposal 5: For interlaced PUCCH design for NR-U, comb-based multiple UEs multiplexing within each PRB can be considered for UCI and DM-RS.
Proposal 6: NR-U supports indication of the PUSCH start positions as follows,

· Option 1: Rel-15 mechanism
· Option 2: Multiple candidate starting positions for PUSCH, UE autonomous decided one candidate based on LBT outcome.
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Appendix A Simulation assumptions
Table A. simulation assumptions
	Parameter
	Assumption

	PUCCH format
	Format 2/3

	PUCCH duration
	1-symbol for PF2, 14-symbol for PF3

	DMRS
	4 REs/PRB for PF2, 2symbols for PF3

	No. of PRBs
	6

	Po_PUCCH
	-90dBm (refer to 38.802 for details)

	Payload size
	8/16-bit HARQ-ACK

	Subcarrier space
	60 kHz

	Path loss
	Refer to Appendix B in [4] for details

	ΔF_PUCCH
	0

	ΔTF
	Calculated  under the assumption that only 8/16-bit HARQ-ACK information

	g
	0
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