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1. Introduction
In RAN #94 meeting [1], the following agreements related to physical layer design of UL signals and channels for NR unlicensed (NR-U) operation were made:
	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 discuss physical layer design of PRACH, PUSCH, and PUCCH for NR-U operation, from the perspective of waveform, resource allocation in time/frequency domain, and UCI multiplexing.

2. UL waveform
This section describes UL waveforms of PRACH, PUSCH and PUCCH considering regulatory requirements in unlicensed spectrum. In RAN1 #94 meeting, there was discussion about whether to support both CP-OFDM and DFT-s-OFDM for NR-U operation or to support only one waveform (e.g., CP-OFDM) in terms of usefulness and standard work. Some companies have pointed out the limitation of DFT-s-OFDM that only supports a single layer transmission in Rel-15 NR and wants to simplify NR-U operation by supporting only CP-OFDM. However, considering that the low PAPR/CM characteristic of DFT-s-OFDM enables wide UL coverage, it can still be a useful waveform in cases such as initial access stage or fallback mode. Furthermore, since DFT-s-OFDM requires only DFT precoding over CP-OFDM, the standard workload is not expected to increase significantly even if both UL waveforms are supported. So, we propose to support both of the UL waveforms (e.g., CP-OFDM and DFT-s-OFDM) at least for PUCCH/PUSCH in NR-U operation, same as Rel-15 NR.
In addition, as discussed in our companion contribution [2], it may be more desirable for PUCCH/PUSCH in NR-U operation to proceed with the standard work with a priority of 15/30 kHz SCS rather than 60 kHz SCS considering the situation that in Rel-15 NR, 15/30 kHz SCS transmission is a mandatory feature while 60 kHz SCS transmission is an optional feature.
Proposal #1: For PUSCH/PUCCH waveform for NR-U operation, both CP-OFDM and DFT-s-OFDM should be supported.
Proposal #2: For PUSCH/PUCCH waveform for NR-U operation, 15 kHz SCS and 30 kHz SCS should be prioritized over 60 kHz SCS.

2.1. PRACH waveform
In NR, two PRACH preamble formats (e.g., Format 1 and Format 2) are supported. Format 1 is length-839 sequence with 1.25 or 5 kHz subcarrier spacing and Format 2 is length-139 sequence with 15/30 kHz subcarrier spacing which is aligned to data. Since Format 1 can normally support larger cell coverage and higher speed than Format 2, it would be necessary to further discuss which format(s) is/are allowed for sub-7 GHz, considering supportable cell coverage of NR-U. It should be noted that since both the bandwidth of Format 1 (with 5 kHz subcarrier spacing) and the bandwidth of Format 2 (with 15/30 kHz subcarrier spacing) are larger than 2 MHz, the regulatory requirement for the minimum bandwidth (e.g., 2 MHz) can be satisfied for both Format 1/2. Nevertheless, due to the regulatory requirement on PSD (e.g., PSD limit per MHz), it would be beneficial to distribute preamble sequence in frequency domain in terms of maximally allowed transmit power. Therefore, considering PSD related requirement, following two options for waveform of random access preamble can be further considered, in addition to NR PRACH formats.
(1) Opt. 1: block-interleaved FDMA (B-IFDMA)
(2) Opt. 2: repetition of NR PRACH format in frequency domain
Opt.1 can be beneficial in that it enables more efficient multiplexing with interlaced PUSCH (and PUCCH if introduced). However, as shown in [3], for B-IFDMA, enlarged main lobe will degrade TA estimation accuracy performance. Therefore, we need to study and compare above two options for PRACH waveform in the aspects of multiplexing capacity, TA accuracy, PAPR, and multiplexing with other UL channels.
Proposal #3: For PRACH waveform for NR-U operation, followings should be considered.
· Supported NR PRACH preamble format(s) for NR-U operation
· Extension of NR PRACH preamble format in frequency domain

2.2. PUSCH waveform
Referring to the regulation on the band use (e.g., occupation of 80% or more of the system bandwidth) and the maximum PSD limit for the unlicensed band, it was discussed and concluded that block-interlace based PUSCH can be beneficial. Therefore, an interlace resource consists of multiple clusters having a certain cluster size and a cluster interval in frequency domain, and PUSCH can be transmitted on one or multiple interlace resource(s). On the other hand, since multiple OFDM numerologies can be applied to PUSCH in NR, it is necessary to discuss how to determine the cluster size and the cluster interval for defining the interlace resource as the OFDM numerology changes. In this regard, the following three options can be considered.
(1) Opt. 1: cluster size – scalable (e.g., 1 RB), cluster interval – scalable (e.g., 10 RB)
(2) Opt. 2: cluster size – scalable (e.g., 1 RB), cluster interval – fixed (e.g., 1.8 MHz)
(3) Opt. 3: cluster size – fixed (e.g., 180 kHz), cluster interval – fixed (e.g., 1.8 MHz)
Here, "scalable" means that the cluster size (or cluster interval) is scaled in frequency domain according to subcarrier spacing while "fixed" means that the cluster size (or cluster interval) is fixed in frequency domain regardless of subcarrier spacing. In terms of the relative relationship between the number of interlaces (denoted as “M” here-after) and SCS, Opt. 1 and Opt. 3 has a fixed M regardless of SCS while Opt. 2 has a variable M which is inversely proportional to SCS. Considering the agreement made in RAN1#94 meeting that it has been identified as beneficial to support a block-interlaced structure in which M decreases with increasing SCS, we propose Opt. 2 for PUSCH resource allocation. For the cluster size and cluster interval, 1 RB and 1.8 MHz can be used when referring to block interlaced structure in LTE eLAA.
Proposal #4: For PUSCH waveform for NR-U operation with 15 and 30 kHz SCS, block-interlaced waveform with cluster size of 1 PRB and cluster interval of M PRBs can be considered.
· M = 10/5 for 15/30 kHz SCS where M is the number of interlace(s)



Figure 1. Example of the block-interlaced structure where M is inversely proportional to SCS

If the number of interlaces (i.e., M) and the UL BWP are provided to the UE, PRBs constituting an interlace resource can be determined by assigning a corresponding interlace index for a PRB index (e.g., PRB index to interlace index mapping). As a simple example, PRB index k can be mapped to interlace index i = k mod M, which allows non-uniform interlace structure. In this example, the number of PRBs per interlace can be differently interpreted depending on the configured/indicated UL waveform between CP-OFDM and DFT-s-OFDM.
Proposal #5: For PUSCH waveform for NR-U operation with 15 and 30 kHz SCS, when M and UL BWP are given to UE, PRBs constituting an interlace resource can be determined by PRB index (k) to interlace index (i) mapping, e.g., i = k mod M.

Furthermore, if 60 kHz SCS is supported, cluster interval of 1.8 MHz corresponds to 2.5 RB, so cluster size of half RB can be exceptionally allowed or cluster interval of 3 RB can be adopted as shown in Figure 2.
Proposal #6: For PUSCH waveform for NR-U operation with 60 kHz SCS (if supported), block-interlaced waveform with cluster size of X and cluster interval of Y can be considered.
· Opt. 1: X = 0.5 RB, Y = 2.5 PRBs
· Opt. 2: X = 1 RB, Y = 3 PRBs



Figure 2. Example of the block-interlaced structure for 60 kHz SCS

2.3. PUCCH waveform
As the conclusion at RAN1#93 meeting, it may be desirable to design UL waveform of the PUCCH similar to UL waveform of PUSCH as much as possible because multiplexing between PUSCH and PUCCH can be required. Therefore, it may be also preferable to design block-interlace based waveform like the PUSCH waveform. Considering both of implementation complexity and standardization efforts, it seems reasonable to reuse the existing PUCCH format(s) in NR as much as possible to design PUCCH format(s) for NR-U operation. Firstly, in the case of PUCCH format 2/3 which support multi-RB transmission, it can be relatively easily expanded to block-interlace structure by dividing frequency resource of a PUCCH resource into multiple clusters in the frequency domain.
Proposal #7: For PUCCH waveform for NR-U operation, PUCCH format 2/3 can be extended to multi-cluster transmission by splitting RBs of the PUCCH resource over inconsecutive frequency locations.

Secondly, in the case of PUCCH format 0/1 which are sequence based PUCCH format(s), the formats may still be required at least in the initial stage before UE establishes RRC connection in the NR-U operation but it may not be easy to extend PUCCH format 0/1 into a block interlace structure since it is designed to fit in a single PRB. One possible way is to keep the low PAPR/CM property as much as possible by applying different cyclic shift values to each repeated resource while repeating PUCCH format 0/1 in the frequency domain. In the extended PUCCH format 0/1, same coded UCI bits (e.g., UCI0) can be repeated over multiple clusters or different coded UCI bits (e.g., UCI0, UCI1 …) can be distributed over multiple clusters as shown in Figure 3.


Figure 3. Example of PUCCH format 0/1 extension

Proposal #8: For PUCCH waveform for NR-U operation, PUCCH format 0/1 can be extended to multi-cluster transmission by repeating legacy PUCCH format 0/1 in frequency domain with different cyclic shift value per each repetition.

3. UL resource allocation in time/frequency domain
This section describes resource allocation scheme(s) in time/frequency domain for block interlace based UL transmission (e.g., PUSCH or PUCCH).

3.1. Frequency domain
In LTE eLAA, frequency resource allocation in interlace units is defined according to the regulations in the unlicensed band that occupy more than 80% of the system bandwidth. Similarly to LTE eLAA, it is also possible to consider allocating frequency resources on an interlace basis in a frequency resource allocation scheme for PUSCH (or PUCCH) for NR-U operation. However, in recent regulations on unlicensed bands, even if 80% of system bandwidth is not occupied, temporary transmission of the signal is allowed if the transmission band of the signal is 2 MHz or more. Therefore, in NR-U operation, it is possible to consider fine granularity support for resource allocation in frequency domain compared to LTE eLAA. Particularly, the fine granularity is advantageous in supporting various TBSs according to the standalone NR-U operation. One way is to allocate consecutive RBs in VRB domain and apply VRB-to-PRB mapping which maps consecutive VRBs to PRBs on the block-interlace resource(s) in PRB domain as shown in Figure 4. It should be noted that the actual data mapping can be done by frequency-first manner to keep low PAPR/CM property of (block-interlaced) DFT-s-OFDM waveform.



Figure 4. Example of resource allocation in frequency domain: VRB-to-PRB mapping

Additionally, it seems necessary to consider resource allocation method in order to cope with the case where UEs having different maximum BW RF capabilities coexist for the same carrier (or bandwidth part). For instance, the entire transmission band can be divided into multiple sub-bands, and consecutive sub-band index(s) may be selected in the sub-band index domain, and then consecutive interlace index(s) in the interlace index domain for the selected sub-band(s) can be allocated for UL transmission as shown in Figure 5.



Figure 5. Example of resource allocation in frequency domain: hierarchical allocation

Proposal #9: For frequency resource allocation for NR-U operation, allowing finer granularity than the amount of frequency resource assigned to each interlace should be considered.

3.2. Time domain
In NR-U operation, the baseline time resource allocation scheme for PUSCH or PUCCH transmission can be to indicate the start symbol and duration (in the slot) of UL transmission as in the existing NR. On the other hand, in NR-U operation, since UE must perform LBT procedure before PUSCH (or PUCCH) transmission, the probability of success in transmission may not be relatively high when the transmission is attempted only in the (single) UL resource scheduled by base station. Therefore, additional techniques for increasing the probability of success of UL transmission may need to be considered. In an intuitive way, it can be considered to set multiple candidate transmission resources for a (single) PUSCH (or PUCCH) triggering and in detail, the set or the specific starting position among multiple candidates can be derived by LBT type, additional DM-RS position, PUCCH/PUSCH resource configuration, etc.
Proposal #10: For time resource allocation for NR-U operation, multiple candidate resources (in time) for single UL transmission should be considered for better transmission success rate.

4. UCI multiplexing
This section describes some considerations on UCI multiplexing especially on PUSCH regarding LBT procedure. In NR-U operation, UE may not be able to start PUSCH transmission at the (scheduled) starting symbol due to LBT failure at UE side. In this regard, similar to LTE eLAA, it is possible to consider delaying PUSCH transmission by puncturing the forward part of PUSCH. Considering the above operation, for UCI on PUSCH, it may not be desirable to map UCI REs in front of PUSCH as in existing NR and some modification may be needed.
Proposal #11: For UCI multiplexing for NR-U operation, study how to map UCI on PUSCH considering potential puncturing behaviour for the part of PUSCH due to LBT procedure.

5. Conclusion
In this contribution, we provided our views on physical layer channel design of PUSCH, PRACH, and PUCCH for NR unlicensed operation, and proposals are as follows
Proposal #1: For PUSCH/PUCCH waveform for NR-U operation, both CP-OFDM and DFT-s-OFDM from NR Rel-15 should be supported.
Proposal #2: For PUSCH/PUCCH waveform for NR-U operation, 15 kHz SCS and 30 kHz SCS should be prioritized over 60 kHz SCS.
Proposal #3: For PRACH waveform for NR-U operation, followings should be considered.
· Supported NR PRACH preamble format(s) for NR-U operation
· Extension of NR PRACH preamble format in frequency domain
Proposal #4: For PUSCH waveform for NR-U operation with 15 and 30 kHz SCS, block-interlaced waveform with cluster size of 1 PRB and cluster interval of 1.8 MHz can be considered.
· M = 10/5 for 15/30 kHz SCS where M is the number of interlace(s)
Proposal #5: For PUSCH waveform for NR-U operation with 15 and 30 kHz SCS, when M and UL BWP are given to UE, PRBs constituting an interlace resource can be determined by PRB index to interlace index mapping.
Proposal #6: For PUSCH waveform for NR-U operation with 60 kHz SCS (if supported), block-interlaced waveform with cluster size of X and cluster interval of Y can be considered.
· Opt. 1: X = 0.5 RB, Y = 1.8 MHz
· Opt. 2: X = 1 RB, Y = 3 RB
Proposal #7: For PUCCH waveform for NR-U operation, PUCCH format 2/3 can be extended to multi-cluster transmission by splitting RBs of the PUCCH resource over inconsecutive frequency locations.
Proposal #8: For PUCCH waveform for NR-U operation, PUCCH format 0/1 can be extended to multi-cluster transmission by repeating legacy PUCCH format 0/1 in frequency domain with different cyclic shift value per each repetition.
Proposal #9: For frequency resource allocation for NR-U operation, allowing finer granularity than the amount of frequency resource assigned to each interlace should be considered.
Proposal #10: For time resource allocation for NR-U operation, multiple candidate resources (in time) for single UL transmission should be considered for better transmission success rate.
Proposal #11: For UCI multiplexing for NR-U operation, study how to map UCI on PUSCH considering potential puncturing behaviour for the part of PUSCH due to LBT procedure.
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