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In RAN#75 meeting, a new SID was proposed to study NR-based access to unlicensed spectrum [1]. One justification for such proposal is based on the vast unlicensed spectrum available worldwide. This was also a justification to initiate LTE-based LAA. Another justification is the flexible frame structure and numerology that NR has, which could also be brought to unlicensed access. 
The WI description [1] highlights the following objectives: 
· [bookmark: _GoBack]“Study NR-based operation in unlicensed spectrum (RAN1, RAN2, RAN4) including 
· Physical channels inheriting the choices of duplex mode, waveform, carrier bandwidth, subcarrier spacing, frame structure, and physical layer design made as part of the NR study and avoiding unnecessary divergence with decisions made in the NR WI
· Consider unlicensed bands both below and above 6GHz, up to 52.6GHz
· Consider unlicensed bands above 52.6GHz to the extent that waveform design principles remain unchanged with respect to below 52.6GHz bands 
· Consider similar forward compatibility principles made in the NR WI 
· Initial access, channel access. Scheduling/HARQ, and mobility including connected/inactive/idle mode operation and radio-link monitoring/failure
· Coexistence methods within NR-based and between NR-based operation in unlicensed and LTE-based LAA and with other incumbent RATs in accordance with regulatory requirements in e.g., 5GHz, 37GHz, 60GHz bands 
· Coexistence methods already defined for 5GHz band in LTE-based LAA context should be assumed as the baseline for 5GHz operation. Enhancements in 5GHz over these methods should not be precluded. NR-based operation in unlicensed spectrum should not impact deployed Wi-Fi services (data, video and voice services) more than an additional Wi-Fi network on the same carrier;”
This contribution addresses some general perspectives regarding the topics of importance for NR operation in unlicensed spectrum.
Unlicensed Spectrum Regulations  
The PHY specification for NR on unlicensed bands (NR-unlicensed or NR-U) should put regulatory requirements from different countries and regions into consideration. The most important such requirements include maximum channel occupation time (MCOT), occupied channel bandwidth (OCB), maximum power limit, power spectrum density limit, and listen before talk (LBT). A description of these requirements is listed below.
· Occupied Channel Bandwidth (OCB) [3]: The OCB is defined as the bandwidth containing 99% of the power of the signal and it shall be between 80% and 100% of the declared Nominal Channel Bandwidth (The Nominal Channel Bandwidth is the widest band of frequencies, inclusive of guard bands, assigned to a single channel).

· Power spectral density [3]: For many frequencies, there is a limit on the power spectral density. As an example, the ETSI 301 893 spec requires 10 dBm/MHz for 5150-5350 MHz. Similar limitations for USA are governed by the FCC. 
· Maximum channel occupancy time (MCOT): This is a requirement for how long a channel can be occupied by a node while not introducing excessive delay for medium access by a competing node in the same channel. For 5GHz, the declared MCOT is maximum 10ms.
· Listen before talk (LBT): Under some regulatory domains, when a wireless node wants to access an unlicensed channel the node shall first perform an LBT procedure. LBT refers to a set of general requirements where a node that intends to use an unsilenced channel should first monitor the channel long enough to robustly infer that the medium is not in use by a competing node. E.g. if for a duration of time no energy beyond a pre-determined threshold is detected then the wireless node is allowed to transmit for up to a maximum duration.

The OCB and power limit rules are summarized in Table 1.

Table 1: Summary of various regulations
	
	5 GHz (ETSI) [3]
	60 GHz (ETSI) [4]
	37 GHz (FCC) [5]

	OCB
	>80%
	>70%
	

	Power Limit
	With transmit power control:
23dBm (10dBm/MHz) for 5150-5350MHz
30dBm (17dBm/MHz) for 5470-5725MHz
Without transmit power control:
20/23dBm (7/10dBm/MHz) for 5150-5350MHz
27dBm (14dBm/MHz) for 5470-5725MHz
	40dBm(13dBm/MHz)

	BS: 75dBm/100MHz 
MS: 43dBm
Transportable stations: 55dBm



Waveform and Numerology
In NR on licensed bands below 52.6GHz, CP-OFDM will be used for both downlink and uplink transmissions, while DFT-s-OFDM is also supported in uplink for coverage limited scenarios. The subcarrier spacing (SCS) is scalable with bandwidth (15 x 2n) kHz for n=0, 1,2, 3, and 4. Noting that SCS of 240KHz is only used for sync signals. The waveform and numerology for bands above 52.6GHz have not been determined. 
In addition to the regulatory requirements, waveform design should also consider coexistence with incumbent systems with corresponding channelization in some of the unlicensed bands, for example, LTE (e)LAA and Wi-Fi in 5GHz band with 20/40/80MHz channel bandwidths, and WiGig in 60GHz band with K x 2.16GHz channel bandwidth for K = 1, 2, 3, and 4.         
Given the considerations above, we believe that, in low frequency unlicensed bands (e.g., 2.4, 5 and 6 GHz), CP-OFDM with SCS = 15x2n kHz for n=0, 1, 2 may be used in both DL and UL. DFT-s-OFDM may also be used in UL with the same numerologies. To satisfy the OCB requirement and max Tx power/PSD limitations, especially in UL transmission, the resource allocation for various channels should be carefully designed. The interlaced resource allocation method and corresponding multiple access scheme, called B-IFDMA, may be adopted for NR-Unlicensed. However, the impact of this method to other performance criteria, e.g., PAPR/CM and sensitivity in frequency selective channels for different numerologies, should be studied.   
Proposal 1: In low frequency, unlicensed bands, CP-OFDM and DFT-s-OFDM with scalable numerologies designed in NR for licensed bands may be reused. Interlaced transmission should be considered for UL transmissions. The PAPR performance and performance sensitivity in frequency selective channels need to be studied.
For high frequency, unlicensed bands (e.g., 60GHz), RAN1 should study if the existing waveforms and numerologies in NR are applicable, and if new waveforms need to be explored. For example, the single carrier waveform by up-sampling, filtering and down-sampling QAM symbols directly, may be a candidate. This type of single carrier waveforms has been adopted in 802.11ad/ay standards. In addition to regulatory requirements, the study of waveforms and corresponding numerologies in high frequency bands should consider additional factors, including the propagation channel characteristics, effective channel due to analogy beamforming, sensitivity to phase noise, etc. For example, RAN1 should consider the possibility of introducing higher SCSs of 240KHz and 480KHz for data transmission in 60GHz spectrum.
Proposal 2: For high frequency, unlicensed bands, the performance of CP-OFDM and DFT-s OFDM should be studied with narrow analog beamforming and phase noise. Study of new waveforms should not be precluded.
Coexistence and Channel Access
Similar to operation of other RATs in unlicensed spectrum, coexistence with the incumbent technologies and a fair channel access is of high importance for NR-U SI. The WI description [1] highlights the need for coexistence within NR-based and between LTE-based LAA and other incumbent RATs in accordance with regulatory requirements in the corresponding bands. LTE-based LAA already has coexistence methods defined for 5GHz and they can be considered as baseline for 5GHz operation. However, one should also consider what the flexible NR frame and numerology have to offer to further enhance the coexistence and channel access.
In a companion contribution [2], we have highlighted some possibilities for a more efficient operation in unlicensed bands. 
Initial Access
In licensed assisted (i.e., non-standalone) scenarios, some operations in an unlicensed band could rely on the assistance of operations in a primary component carrier in licensed band. On the other hand, in NR-U standalone operation, all functionalities and features should be fulfilled on unlicensed bands including initial access. Due to spectrum characteristics and regulatory requirements, such as uncertainty of channel availability and the OCB requirement etc., the design is needed to ensure the initial access in unlicensed band to be compatible with the one in licensed band operation. 
For synchronization signal and NR-PBCH, SS blocks are present consecutively per SS burst set for NR licensed band operation. The maximum transmission bandwidths of SS blocks are 5, 10, 40 and 80 MHz with 15, 30, 120 and 240 KHz subcarrier spacing correspondingly. Due to the possibility of LBT failure and uncertainty of channel availability, the SS block locations within a slot designed for NR licensed may not be optimum for NR unlicensed operation which may result in performance degradation of SS block detection. Uncertainty of channel availability may also have impact on the SS burst configuration such as the periodicity and time-window size of SS burst set. To fulfill LBT and OCB requirements, SS blocks may need to be redesigned for NR-U.
For RACH, NR supports multiple RACH preamble formats, including long PRACH formats. In general, for unlicensed band operation the cell range is smaller than that of licensed band operation due to transmission power constraint. The short PRACH format (with preamble length 139) seems more suitable for the relative small cell in NR-U operation. Before and during RACH procedure, LBT may need to be performed to avoid potential interference and collision with others. LBT failure could lead to performance degradation of RACH performance. LBT failure before PRACH preamble transmission may also have impact on the RACH resource configuration. In addition, PRACH preamble transmission should fulfill the regulatory requirement of OCB. Preamble and RACH procedure for unlicensed band operation should consider the impact of LBT and the requirement of OCB for NR-U.
For paging, a cycle is defined to allow UEs to monitor paging message at the predefined time. For paging message transmission on unlicensed bands, the uncertainty of channel availability could cause the failure of paging DCI or paging message. As a result, UEs may not receive the corresponding paging message. Paging occasion could also be blocked due to LBT failure. Enhancement for paging may be needed for NR-U and should be further studied during NR-U SI.
Proposal 3: Initial access for NR licensed band should be studied for NR-U SI by taking LBT and OCB requirements into consideration.
Physical Channel Design
Two key regulatory requirements that affect some of the uplink channel designs, e.g. PUSCH & PUCCH, are OCB and PSD. If the uplink resource allocation consists of contiguous RBs, the maximum power will be limited due to the PSD rule, resulting in very limited coverage. Therefore, to be able to utilize maximum transmit power while complying with the regulations, wideband transmission is required in unlicensed bands. In eLAA, wideband PUSCH transmission is performed with Block IFDMA (B-IFDMA).  
In B-IFDMA, the scheduling unit, called an interlace, consists of 10 RBs uniformly distributed over the channel bandwidth. In DFT-s-OFDM based PUSCH, modulation symbols are mapped to the subcarriers of an interlace. Since this resource mapping destroys the single carrier property, it causes an increase in PAPR.
Another alternative resource allocation method is IFDMA, where uniformly interleaved subcarriers are allocated to a UE. The PAPR of IFDMA is lower since it preserves the single carrier waveform property. This approach, however, was not pursued in eLAA for PUSCH due to its susceptibility to inter-carrier interference due to frequency offset.
In NR, both OFDM and DFT-s-OFDM waveforms are supported. To comply with the regulations and utilize the maximum transmit power, wideband transmission as in eLAA should be considered. Since OFDM has inherently high PAPR due to its multicarrier property, B-IFDMA does not impact its PAPR. However, to preserve low PAPR property of DFT-s-OFDM, alternative transmission schemes, e.g. IFDMA, may be considered.

[image: ]
Figure 1 Scheduling unit (interlace) in B-IFDMA
The PUCCH design in NR is very flexible and serves a variety of scenarios. It consists of short and long PUCCH as summarized below:
Short PUCCH: Short PUCCH, consisting of two formats, is transmitted over one or two OFDM symbols.
· Format 0: This format is used for 1-2 bits UCI and utilizes 1 RB. A computer-generated sequence (CGS), which is designed to result in a low PAPR OFDM signal, is directly mapped to one RB. User multiplexing on one RB is achieved by assigning cyclic shifts of the same sequence to different users.
· Format 2: This format is used to transmit high payload UCI and uses OFDM waveform. Up to 16 RBs may be allocated to one UE.

Long PUCCH: Long PUCCH, consisting of 3 formats, is transmitted over multiple OFDM symbols.
· Format 1: This format is used for 1-2 bits UCI and utilizes 1 RB. The same CGS used for Format 0 is mapped to one RB after being scaled by the data symbol. User multiplexing on one RB is achieved by assigning cyclic shifts of the same sequence to different users. In addition, a time domain orthogonal cover code (OCC) is used to increase the multiplexing capacity.
· Format 3: This format is used to transmit high payload UCI and uses DFT-s-OFDM waveform. Up to 16 RBs may be allocated to one UE.
· Format 4: This format is used to transmit moderate payload UCI and uses DFT-s-OFDM waveform. 1 RB is allocated to one UE and user multiplexing on the same RB is achieved with pre-DFT OCC.

We think that the PUCCH in NR-U should support both short and long PUCCH to address different latency and coverage requirements. However, one RB PUCCH transmission cannot be supported in its current form due to the regulatory rules. Therefore, PUCCH Formats 0, 1 and 4 should be redesigned to support wideband transmission. The design should be carefully done so that the PAPR of the NR-U PUCCH is either the same as NR PUCCH or the increase in PAPR is below a limit. For example, simply repeating the NR length-12 CGS over the RBs of an interlace results in excessive PAPR and should not be a candidate solution. One possible direction is to design a new wideband sequence with a low PAPR. NR PUCCH Format 2 is based on OFDM and can be used in NR-U with wideband transmission without significant changes. Similarly, PUCCH Formats 3 may be supported in NR-U by only changing the resource allocation.

The number of simultaneously transmitting users in a wideband transmission scheme such as B-IFDMA may be limited because each UE needs to be allocated a large number of subcarriers, even for a small number of UCI bits. Therefore, solutions to improve multiplexing capacity for all PUCCH formats may be necessary.

Data Transmission and HARQ Acknowledgment
To improve channel access efficiency in unlicensed spectrum, the concept of transmission opportunity has long been used in IEEE 802.11 where a device reserves the channel for a relatively long period for DL/UL transmissions. At the beginning of a transmission opportunity, a device needs to sense the channel according to an LBT procedure and the responding device is also subject to LBT to protect potential ongoing frame exchanges near the responding device. This objective may be reached via a preparation stage that includes handshaking between the two or more devices [2]. The transmission opportunity concept improves channel access efficiency as well as fulfils some delay requirements and therefore should be investigated for standalone NR operation in unlicensed spectrum.
Proposal 4: Transmission opportunity concept should be investigated for standalone operation in NR unlicensed spectrum.
Due to uncertainty in channel access, transmissions may have to be delayed when channel is occupied during the operation of an NR device in unlicensed spectrum. For standalone transmission, this means the HARQ-ACK transmission may be delayed when the channel is occupied. Figure 1.(a) shows an example where the last UL transmission may include PUSCHs which are not acknowledged during the first transmission opportunity. The gNB, after performing LBT procedure again, secures a second transmission opportunity within which HARQ-ACKs for the last PUSCH in the first transmission opportunity may be carried. For this operation, the gNB and the UEs may need to maintain the buffers to keep the corresponding receive/transmit transport blocks. Due to non-deterministic duration between the two transmission opportunities (since it depends on how many nodes compete to access the medium), there would additional complexity and ambiguity for the UE and gNB. In an alternative method, the HARQ-ACK transmissions may be included in the same transmission opportunity, hence a self-contained transmission opportunity. As shown in Figure 1.(b), one or several symbols of the last slot of the transmission opportunity is used to carry acknowledgement. This method requires the gNB and UEs to prepare HARQ-ACK transmissions within a short time.  
Proposal 5: Self-contained transmission opportunity should be studied in standalone NR unlicensed spectrum.
Autonomous uplink transmission (AUL) and HARQ procedure for enhanced LTE-based LAA is currently under discussion in the latest release [6]. We propose mechanisms introduced for AUL in LTE-based LAA to be studied for possible consideration in NR unlicensed operation. However, NR has added new features which may impact the features and operation of AUL. For instance, NR utilizes capacity approaching low density parity check (LDPC) codes for data channel transmission while LTE utilizes Turbo codes. Due to the different channel coding schemes, AUL HARQ schemes designed for LTE may need to be revisited for NR unlicensed transmissions. 
Four retransmission values (RVs) are supported for HARQ transmissions in NR (where a subset of the RV set is self-decodable with good performance). Data channel transmissions in unlicensed spectrum is more vulnerable to collision or interference due to the nature of contention based transmission. In the worst-case scenario, reception failure due to collision/interference may corrupt transmission enough to be unusable for HARQ combining. Therefore, self-decodable RVs may be preferred for retransmission. 



[bookmark: _Ref503354749]Figure 1: Example of HARQ-ACK transmission within a transmission opportunity

Conclusions
In this contribution, we reviewed some of the topics of importance for NR operation in unlicensed spectrum. We propose the following: 
Proposal 1: In low frequency, unlicensed bands, CP-OFDM and DFT-s-OFDM with scalable numerologies designed in NR for licensed bands may be reused. Interlaced transmission should be considered for UL transmissions. The PAPR performance and performance sensitivity in frequency selective channels need to be studied.
Proposal 2: For high frequency, unlicensed bands, the performance of CP-OFDM and DFT-s OFDM should be studied with narrow analog beamforming and phase noise. Study of new waveforms should not be precluded. 
Proposal 3: Initial access for NR licensed band should be studied for NR-U SI by taking LBT and OCB requirements into consideration.
Proposal 4: Transmission opportunity concept should be investigated for standalone operation in NR unlicensed spectrum.
Proposal 5: Self-contained transmission opportunity should be studied in standalone NR unlicensed spectrum.
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