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1	Introduction
During RAN plenary #78, the release 15 NR specifications supporting licensed band operation were approved. Before that a NR Study Item [1] dealing with NR-based access to unlicensed spectrum was approved in RAN plenary #75.
To maximize the applicability of NR-based access, it is beneficial to study solutions applicable to unlicensed bands scenarios as part of the NR development. In this contribution, we consider issues related to uplink signal and channel structures. The following agreements related to NR-U design were made in RAN1#92bis [2]:

Agreements:
· Study the design changes needed to support the following channels /signals in NR-U
· PUCCH/PUSCH
· PRACH
· DL and UL reference signals applicable to the operational frequency range

Agreement:
· NR-U supports both Type-A and Type-B mapping already supported in NR 
· Additional starting positions and durations are not precluded
· For sub-7 GHz, NR-U study the SCSs, 15/30/60KHz
· Study performance difference between different SCS
· Study if changes to UL design are needed to meet the PSD and OCB requirements
· Study if an SS block design/RMSI/OSI with 60KHz SCS is needed 
· Impact on MIB and SIB1 content 
· Need for use of ECP for 60KHz
· RACH design with 60KHz SCS in addition to options currently part of NR
· Other considerations are not precluded. 
· Impact on support of different BWs with different SCS
· Study supporting more than one switching points within a TxOP
· FFS the LBT requirement for each DL/UL data/control burst in the TxOP

2	Regulatory requirements relevant for UL Waveform
Unlicensed band usage involves different regulatory rules which aim at fair and equal spectrum usage for different devices. The main rules involve limitations related to occupied channel bandwidth (OCB) and maximum power spectral density (PSD). Both rules are relevant especially for uplink transmission since DL can be made wideband by gNB scheduler decision. It was agreed in RAN1#92 to “Study if changes to UL design are needed to meet the PSD and OCB requirements”.
It is noted that PSD and/or EIRP density have strict limitations in several regulations. The regulatory limit on 5GHz band may be as low as 10 dBm/MHz meaning that transmission power is severely limited for transmissions with narrow bandwidth. This presents a challenge for channels and signals with small payload, such as synchronization signals, PBCH, PRACH, and PUCCH. These channels are also critical for cell coverage. Hence it is evident that PSD limitation needs to be addressed during the NR unlicensed SI to avoid unnecessary cell coverage reduction. The obvious challenge in supporting high transmission power under strict PDS limit for small payload signals is to find a design that uses resources efficiently. Hence, we see that efficient resource usage should be one of the key design criteria.     
Observation #1: Modifications need to be considered for some of the NR channels / signals to support high transmission power under PSD limits. Efficient resource usage will be one of the key design criteria.  
For Europe, ETSI harmonized standards have explicit requirements on the occupied channel BW (OCB). It is required that the occupied channel BW shall be at least 80% or 70% of Nominal Channel BW for 5 GHz and 60 GHz bands, respectively. NR channels and signals that may be transmitted alone need to be able to fulfil the OCB requirement. This means that for some of the NR channels / signals new wide BW variants fulfilling the OCB requirement need to be designed.  
However, it should be also noted that on the 5 GHz bands the transmission BW may temporarily be less than 80% of the Nominal Channel BW during a channel occupancy time. The regulatory rules are also evolving. For example, according to the latest updates made for ETSI regulation corresponding to 5GHz band, during a Channel Occupancy Time (COT) at 5GHz band, equipment may operate temporarily with an OCB of less than 80% of its Nominal Channel Bandwidth with a minimum of 2 MHz. We see that the potential benefits from this allowance should be explored. For example, a wide BW variant of a NR signal (i.e. interlace -based transmission, or localized transmission fulfilling the OCB rule) may use resources less efficiently than the original Rel-15 NR signal. In such case, the wide BW variant could be used only when OCB requirement needs to be met by the signal, and more efficient Rel-15 NR signal would be used otherwise.     
Proposal 1: OCB requirement is not applicable in all cases and in those cases Rel-15 NR channels / signals may be used.
3	NR interlace structures
Block Interleaved OFDMA (B-IFDMA) is the baseline transmission scheme used for uplink transmissions in LTE LAA. It is based on usage of 10 interlaces, each having 10 clusters with 1 PRB. We think that also in the NR, there is a need to support interlace-based operation to achieve sufficiently high transmission power under PSD limit and to meet regulatory rules defined for occupied channel bandwidth. The NR solution needs to be designed to support for multiple numerologies as well as wideband operation. We think that interlace based transmission needs to be supported by all numerology options defined for NR-U at least for the scenarios applicable to 5 GHz scenario. 
It was agreed in RAN1#92bis that “At least for band where absence of Wi-Fi cannot be guaranteed (e.g. by regulation), LBT can be performed in units of 20 MHz”. This indicates that in the case of wideband operation, frequency domain resources may be allocated with the granularity of 20 MHz. In order to minimize the spectrum fragmentation, it may be preferable to concentrate all interlace -based transmissions (such as PUSCH with small data rate and long PUCCH) within one 20 MHz sub-band. This maximizes the opportunities for localized (wideband) transmission for other portions of the wideband carrier (including guard band between different 20 MHz sub-bands). On the other hand, interlace structure with 20 MHz bandwidth can already fulfill the regulatory rules related to OCB, and provide sufficient transmission power under constrained PSD. 

Proposal 2: UL resource allocation needs to be enhanced to support interlace based operation.
Proposal 3: Interlace based transmission needs to be supported by all numerology options defined for NR-U and 5 GHz scenario.
Proposal 4: NR interlace structure is designed for 20 MHz sub-band.

Interlace design for 20 MHz sub-band: 

When the subcarrier spacing increases, the number of PRBs per given frequency band decreases. For example, with 60 kHz SCS, the number of PRBs available per 20 MHz sub-band is around 24. In this scenario, it is not possible to have an interlace design fulfilling the OCB rule, and providing at the same time sufficient multiplexing capacity with a design based on cluster size of 1 PRB. Hence, in these cases, interlace design must be based on usage of partial PRBs. Otherwise, either Tx power and/or multiplexing capacity is not sufficient. 

Proposal 5: Support interlace structure where cluster size is a fraction of PRB.

In the APPENDIX, we consider two interlace design options applicable to 20 MHz sub-band(s) and 5 GHz band. Maximum Tx power for different UL interlace structures is evaluated in [3]. There are a few issues to be considered when defining parametrization for the interlaces. Those include e.g. 
· Multiplexing capacity, resource allocation granularity
· Support for numerology options [15, 30, 60] kHz
· Compatibility for OCB rule
· Maximum transmit power under PSD limit.

Based on the discussion in the APPENDIX we make the following proposal:



Proposal 6: Consider the following interlace structures for NR-U operating at 5 GHz spectrum and 20 MHz sub-band:
· Option 1: 10 interlaces, each having 10 equally-spaced clusters of 180 kHz
· Option 2: 6 interlaces, each having 12 equally-spaced clusters of 240 kHz
4. PUCCH Design
NR unlicensed SI will address architectural scenarios where NR LAA cell connects with LTE anchor cell on licensed band using Dual-Connectivity or NR cell operates standalone in unlicensed spectrum. In such cases it is not possible to transmit HARQ feedback via licensed band, and HARQ feedback needs to be transmitted over unlicensed spectrum. 

In Rel-15 NR, 5 PUCCH formats are introduced: PUCCH formats 0 and 2 have duration of 1 or 2 symbols while PUCCH formats 1, 3 and 4 have duration of 4 symbols or more. We see that all PUCCH formats are needed for NR unlicensed: the short PUCCH formats 0 and 2 are suitable for short UCI transmissions at the end of DL burst while the long PUCCH formats 1, 3 and 4 are needed to carry larger UCI payloads and/or to provide reasonable coverage for NR unlicensed with considerable UCI payload.

Regulatory restrictions on PSD and/or EIRP density as well as on transmission occupied channel BW has impact on PUCCH transmission power similarly to PUSCH. The transmission power for 1 PRB PUCCH allocations is limited to 10 dBm under 10 dBm/MHz PSD limit. It is important that PUCCH can be transmitted with full UE power to ensure sufficient coverage as well as that PUCCH meets the OCB requirement. Hence, we see that an interlace structure should be introduced also for PUCCH. 

The interlace structure should preferably be similar to PUSCH interlace structure for the sake of system simplicity as well as to support flexible multiplexing with PUSCH especially for long PUCCH formats 1, 3 and 4. The similarity with PUSCH interlace structure means also that the interlace structure should be limited to 20 MHz band, as that is enough to meet OCB requirement as well as to achieve maximum Tx power. It can be noted that PAPR/CM properties of PUCCH formats transmitted with interlace structure need to be investigated, especially for PUCCH formats 0 and 1 using low PAPR/CM sequences.  

[bookmark: _GoBack]One of the drawbacks of interlaced PUCCH structure is that the minimum resource allocation size is increased. For small UCI payloads, this leads to excessive resource consumption. We see that possibilities for improving resource utilization for interlaced PUCCH structure should be investigated. As discussed in Section 2, OCB requirement is not applicable in all cases. ETSI allows temporally BW less than 80% of nominal channel BW, but with minimum BW of 2 MHz. The minimum BW of 2 MHz means that continuous resource allocation will consume resources roughly equally to interlaced resource allocations as discussed in the APPENDIX. While interlaced allocations allow for substantially larger transmission power, the potential benefit of supporting also continuous resource allocation is that NR Rel-15 PUCCH formats 2 and 3 can be applied as such for NR unlicensed.  

Proposal 7: PUCCH formats 0-4 are enhanced to support interlace structure.
Proposal 8: Similar interlace structure is supported for both PUSCH and PUCCH.  

5. PRACH
Rel-15 NR supports both long and short sequence PRACH preambles. Sequence length is 839 for the long and 139 for the short sequence. Two different SCS options are defined for the long sequence: 1.25 and 5 kHz. For the short sequence, the SCS options are 15 and 30 kHz for below 6 GHz and 60 and 120 kHz for above 6 GHz. Considering for instance the 6 GHz frequency range of unlicensed spectrum and 20 MHz carrier bandwidth, the occupied bandwidth with 15 and 30 kHz SCS are 2.16 MHz and 4.32 MHz, respectively, which obviously do not fulfil the ETSI Occupied Channel Bandwidth requirement. Therefore, it can be concluded that the current NR PRACH design is not suitable for unlicensed band operation without modifications.

Observation 1: NR PRACH design does not match well with the regulatory requirements set for unlicensed band operation.

To satisfy the limitations related to occupied channel bandwidth (OCB) and to overcome the limitations related to maximum power spectral density (PSD), Block Interleaved OFDMA (B-IFDMA) was accepted as the baseline uplink transmission scheme used for uplink transmission in LTE LAA. It is based on usage of 10 interlaces, each having 10 clusters with 1 PRB. A straightforward NR-U PRACH waveform is to reuse interlace based structure, similar to NR-U PUCCH/PUSCH waveform, by choosing proper Zadoff-Chu sequence lengths.

However, mapping Zadoff-Chu sequence into interlace based structure will cause some issues for Timing Advance (TA) estimation, as shown in Fig. 1. The autocorrelation of B-IFDM-based preamble has many false peaks, and those false peaks will compromise the accuracy of TA estimation seriously, since the false peaks are easily confused with the main peak when the impact of multi-path propagation, noise and interference are added. As an alternative estimation method, timing estimation may be based on a signal portion limited to one cluster. However, this does not achieve sufficient timing estimation accuracy due to limited BW of a cluster. Accurate TA estimation is important to support large cell coverage and/or large SCS, since the length of CP decreases with the increase of SCS proportionally.
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Figure 1: Autocorrelation of B-IFDM-based preamble

Observation 2: B-IFDM-based PRACH waveform will cause issues of TA estimation.

Therefore, new NR-U PRACH design is desired. For the new NR-U PRACH, the following items shall be considered:
· Satisfying the limitations of OCB when needed
· Achieving sufficient coverage without violating the limitations of PSD
· Good TA estimation accuracy
· Multiplexing capacity (multiple preambles)
· Multiplexing with PUSCH/PUCCH
· High synergy with Rel-15 NR PRACH design

Acquiring good timing estimation accuracy is essential as higher subcarrier spacing options are to be adopted. It is noted that a simple and robust timing estimation requires sufficient continuous frequency allocation of a few MHz, basically inversely proportional to required time accuracy. For instance, for SCS options with normal CP, the required BW would be as follows:
· For 15 kHz SCS: PRACH BW ≥ 1 MHz
· For 30 kHz SCS: PRACH BW ≥ 2 MHz
· For 60 kHz SCS: PRACH BW ≥ 4 MHz

Block-IFDMA PRACH design, supporting accurate timing estimation based on clusters and meeting OCB would mean interlaced structure with cluster BW of 1-4 MHz. This kind of interlace structure would easily use excessive amount of resources. Further, such interlace structure would be inefficient for PUSCH, meaning that PRACH and PUSCH would use different and incompatible interlace structures creating challenges for PRACH / PUSCH multiplexing.

Observation 3: PRACH preamble should have a sufficient continuous frequency allocation to fulfil timing estimation accuracy requirement which scales inversely with applied SCS.

One feasible approach would be simply a PRACH preamble that is continuous in frequency. With this approach, two cases need to be considered: 
· When PRACH is transmitted on UE acquired COT, the PRACH preamble could be directly based on NR Rel-15 short sequence PRACH preamble design with the Zadoff-Chu sequence extended to increase PRACH BW up to the OCB requirement. As the PRACH would be transmitted on UE acquired COT, it is not critical to support FDMA between PUSCH and PRACH. Instead a simple design with simple and accurate timing estimation and good PRACH multiplexing capacity is achieved. 
· When PRACH is transmitted on the UL portion of gNB acquired COT that is shared with UEs, it may be seen that the preceding DL transmission fulfills the OCB requirement and the PRACH BW may temporarily be less than the OCB requirement. For example, a Rel-15 NR short sequence PRACH preamble may be used. The PRACH preamble is narrow enough to support simple and efficient FDMA with PUSCH.
The approach offers simple and robust timing estimation, use of the same PRACH receiver structure as with licensed NR, as well as efficient multiplexing with PUSCH when transmitted within gNB acquired shared COT.

Another feasible approach which meets the OCB requirement is to transmit two repetitions of the preamble with continuous allocation at the two sides of the transmission bandwidth. The span of the two repetitions satisfies the OCB requirement.
One concern which may rise from the narrowband PRACH preamble could be a limited transmission power due to PSD limit and thus the impact on coverage. However, the Rel-15 PRACH preamble formats support repetition in time domain to compensate transmission power limitation. In addition, it’s to be noted that likely downlink is the bottleneck in coverage because having the same PSD limits as uplink but typically 3-4 dB higher noise figure at receiver.

Proposal 9: Consider PRACH preamble design that is continuous in frequency and may be temporarily less than OCB requirement or repeated at the two sides of transmission BW.
6. Conclusions
In this contribution, we have discussed potential solutions and techniques for NR unlicensed. Based on the discussion, we make the following observations and proposals:
Observation 1: NR PRACH design does not match well with the regulatory requirements set for unlicensed band operation.
Observation 2: B-IFDM-based PRACH waveform will cause issues of TA estimation.
Observation 3: PRACH preamble should have a continuous frequency allocation to fulfil timing estimation accuracy requirement which scales with applied SCS.

Proposal 1: OCB requirement is not applicable in all cases and in those cases Rel-15 NR channels / signals may be used.
Proposal 2: UL resource allocation needs to be enhanced to support interlace based operation.
Proposal 3: Interlace based transmission needs to be supported by all numerology options defined for NR-U and 5 GHz scenario.
Proposal 4: NR interlace structure is designed for 20 MHz sub-band.
Proposal 5: Support interlace structure where cluster size is a fraction of PRB.
Proposal 6: Consider the following interlace structures for NR-U operating at 5 GHz spectrum and 20 MHz sub-band:
· Option 1: 10 interlaces, each having 10 equally-spaced clusters of 180 kHz
· Option 2: 6 interlaces, each having 12 equally-spaced clusters of 240 kHz

Proposal 7: PUCCH formats 0-4 are enhanced to support interlace structure.
Proposal 8: Similar interlace structure is supported for both PUSCH and PUCCH.  

Proposal 9: Consider PRACH preamble design with continuous allocation where preamble transmission may be temporarily less than OCB requirement.
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APPENDIX

Design option #1:

This option is based on interlace structure designed for LAA, see Figure 1. 
· 10 interlaces cover 18 MHz bandwidth. Bandwidth occupancy of single interlace is >82% (/20 MHz). Hence, the design is compatible with the ETSI OCB rule. 
· Each interlace contains 10 equally spaced clusters of resource elements. The cluster size is 180 kHz but in terms of number of resource elements it varies according to the numerology.
· This design benefits from 10 dB power boost compared to a narrowband transmission (such as 1 PRB transmission).

Based on this design partial PRBs are used for 30 kHz and 60 kHz cases, whereas for 15 kHz case this structure becomes the same as the one in eLAA, as shown in Table 1. In case b, two adjacent interlaces are considered as a single resource (interlace). This ensures that total number of PRBs/resource is an integer.

[image: ]
Figure 1. Interlace structure, option 1

Table 1. Parameters for interlaced structure, Option 1
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Design option #2:

In this option 6 interlaces cover a 17.3 MHz bandwidth. Bandwidth occupancy of single interlace is >80.4% (/20 MHz). Hence, this is also compatible with the ETSI OCB rule. Each interlace contains 12 equally spaced clusters of resource elements. The cluster size is 240 kHz but in terms of the number of resource elements it varies according to the numerology. This design benefits from up to 10 dB power boost compared to a contiguous UL resource allocations. 

It can be noted that the number of occupied PRBs in Option 2 stays within the maximum number of PRBs defined by RAN4 for a 20 MHz carrier (also with 60 kHz SCS). 

[image: ]
Figure 1. Interlace structure, option 2


Table 1. Parameters for interlace structure, Option 2
[image: ]
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