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Introduction
The SID for NR-unlicensed includes the following objectives 
· 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; 
The above study will address the following architectural scenarios (RAN2): 
· An NR-based LAA cell(s) connects with an LTE or NR anchor cell operating in licensed spectrum
· The study assumes the techniques for linking between Pcell (LTE or NR licensed CC) and Scell (NR unlicensed CCs) according to the NR WI
· An NR-based cell operating standalone in unlicensed spectrum, connected to a 5G-CN network with priority on frequency bands above 6GHz, e.g., for private network deployments; 
· Study how to ensure from a RAN level that connection and security management can be integrated with the E-UTRAN, NG RAN and 5G CN architecture, including service continuity requirements for users moving between cells of licensed and unlicensed frequency bands, liaising with SA2 as required
Following the objectives, the NR licensed design will be the baseline for NR-unlicensed design. Only changes that are essential for unlicensed operation will be introduced. 
In this paper, we discuss a few physical layer channel related aspects that we believe are essential for efficient NR-unlicensed operation. The areas covered include:
· Waveform considerations for bands with PSD limitation
· Waveform considerations for 60GHz band
· Channel usage indicator 
· Wake-up signal
Some more details can be found in companion papers [1] and [2].
Discussions
2.1	Waveform under PSD limitation
In some unlicensed bands (e.g., 5GHz), there are transmission PSD limitations. For example, the regulation on PSD limitation with 5GHz band is listed below:
· 5150-5350 MHz with TPC: 10dBm/MHz
· 5250-5350 MHz without TPC: 7dBm/MHz
· 5150-5250 MHz without TPC: 10dBm/MHz
· 5470-5725 MHz with TPC: 17dBm/MHz
· 5470-5725 MHz without TPC: 14dBm/MHz

Under the PSD limitation, in order for a node to transmit with higher power, it needs to occupy wider bandwidth. This can lead to wasted resources unless careful design is considered. In uplink, use of the wider bandwidth transmission results in reduced multi-user multiplexing gain as less UEs can access the system at the same time. In downlink, the wider bandwidth transmission may introduce additional inter-cell interference. In both uplink and downlink, the wider bandwidth transmission may reduce the coverage as a node needs to distribute its power into wider bandwidth.
An interlace based resource allocation design has been introduced in 3GPP R14 for eLAA uplink waveform. With the introduction of interlace structure, one node can transmit with only occupying a fraction of bandwidth (<1MHz) every N RBs over the wide channel. A system is thus divided into multiple orthogonal interlaces and allows multiple nodes to access with frequency domain multiplexing. In addition, the power per subcarrier can also be improved as the Tx power under PSD limit is only distributed over the fraction of bandwidth.  
The interlace design can be numerology dependent. For example, when 15KHz SCS is used, the eLAA interlace waveform can be directly applied; when 30KHz SCS is used, 5 interlaces can be defined where each interlace consists of 10 RBs and they are uniformly separated 5 RBs apart. The structure is illustrated in Figure 1.


[bookmark: _Ref506387282]Figure 1 Interlace Waveform in NR with 30KHz SCS

With 60KHz SCS, a sub-RB based interlace structure can be introduced. One example is to define 5 interlaces where each interlace consists of 10 sub-RBs where each sub-RB consists of 6 REs and they are uniformly separated 5 sub-RBs apart. The structure is illustrated in Figure 2.


[bookmark: _Ref506387294]Figure 2 Sub-RB based interlace design in NR with 60KHz SCS

[bookmark: p10]Proposal 1: Interlace waveform should be considered for both uplink and downlink in NR-U
More details can be found in companion paper [1].

2.2	Waveform for 60GHz band
The unlicensed band in 60GHz is between 57-66GHz, the actual allocation varying between 3.5-9GHz for different geographies. The channelization for this band consists of four channels, each with bandwidth of 2.16 GHz.  Using the same waveform as NR (OFDM in DL and OFDM/DFT-s-FDM in UL) is an option to maximize synergy with the existing NR specification. However, considering the larger bandwidth (2.16 GHz) with this channelization, as opposed to a maximum bandwidth of 400MHz supported in NR, an increase in the sub-carrier spacing (SCS) to something like 960KHz or 1920KHz will be necessary. 
The characteristics of this band are very different from those considered for NR so far. It has a very harsh propagation environment with very high path loss which limits coverage. Improving coverage requires using higher Tx power and efficient use of PA thus making low PAPR waveforms such as single carrier quadrature amplitude modulation (SC-QAM) or DFT-s-FDM more desirable. Furthermore, heavy beamforming, lack of MIMO, and LOS channel model, diminish some of the advantages that OFDM offers.


[bookmark: _Ref501704378]Figure 3: SC-QAM System Model

In [2], we had shown that SC-QAM waveform offers between 3-4dB of gain over OFDM for NLOS CDL-B channel model with QPSK modulation in this band when we consider the PAPR gains along with link level loss. Gains are even higher for LOS channels. Also, as shown in the SC-QAM system model in Fig. 3, the SC-QAM waveform doesn’t mandate use of FFTs at transmitter and receiver. The computationally intensive parts are only the equalization and RRC filtering. The equalizer complexity can be controlled at expense of performance thereby enabling low complexity devices being designed for unlicensed band operation only. Due to the complexity and improved coverage benefits, such a waveform should also be supported in the 60 GHz band.
[bookmark: p11]Proposal 2: Support SCS of 960KHz or 1920KHz for 60GHz band for OFDM and DFT-s-OFDM
[bookmark: p12]Proposal 3: Support single carrier waveform such as SC-QAM/DFT-s-OFDM for DL and SC-QAM for UL for 60GHz band
More details can be found in companion paper [2].
2.3	Channel usage indicator 
In LTE LAA, energy detection (ED) based mechanism is adopted to support coexistence of different nodes and technologies. Though the ED based approach is simple, and is mostly technology agnostic, the design is not optimized for better reuse, as, by definition, the node will simply backoff from transmission when measured interference level exceed certain level. There is thus room for further improvement.
The preamble detection (PD) mechanism used in WiFi helps to improve the reuse. The length of the TxOP is carried in the payload of preamble and the backoff depends on the preamble detection and the payload parsing. Since preamble can be detected at lower SNR than the ED threshold, the reuse of the system can be higher. It is of interest to introduce WiFi preamble like over-the-air signalling in NR-unlicensed design for better channel reuse. We refer to this new OTA signalling for NR-U as Channel Usage Indicator (CUI). 
One issue with the WiFi preamble design is that the detector will initiate backoff whenever a preamble is detected, without distinguishing the direction of the transmission. Such a design is inefficient. For example, if a gNB indicates it will transmit in the next few slots in the CUI, and the node that detected the CUI intends to transmit as well, there is no need to backoff from the transmission. On the other hand, if the gNB indicates it will receive in the next few slots in the CUI, and the node that detected the CUI intends to transmit, the transmission backoff becomes necessary, otherwise it will interfere with the gNB reception. In other words, to further improve reuse, we should develop mechanism focusing on the protection of the receiver, not the transmitter. As a result, the CUI should carry not only NAV information, but also indicate the channel usage is for transmission or reception.
[image: ]
Figure 4 System-level simulation results for CUI (Outdoor Sub-7GHz)
[image: ]
[bookmark: _Ref506391578][bookmark: _Ref506391567]Figure 5 System-level simulation results for CUI (Indoor hotspot Sub-7GHz)
In Figure 5 and Figure 5 we provide preliminary system-level simulation results to demonstrate the potential benefits by using CUI in an outdoor “3+3” and an indoor hotspot “3+3” scenario respectively. The details of the simulation scenarios are provided in a companion contribution [3]. In the outdoor sub-7GHz scenario, two operators are sharing 40MHz, with each operator running 21 macro TRPs (no UEs allocated to them though) and 3 micro TRPs per macro TRP to serve 315 UEs each. In the indoor hotspot scenario, two operators are sharing 40MHz, with each operator running 3 gNBs to serve 15 UEs (i.e., totally 6 gNBs serving 30 UEs). In both scenarios, the UEs are requesting bursty downloading. We compare the case that gNB conducts LAA-like ED and the case that besides ED gNB respects CUI(s) sent from scheduled UEs nearby as well. It is obvious from these results that CUI offers considerable improvement especially to cell-edge UEs.
[bookmark: p7]Proposal 4. NR-unlicensed supports channel usage indicator transmission for more accurate transmission coexistence. The CUI includes NAV information and also identifies the CUI is for transmission or reception.
For the waveform for the CUI, it is preferred to reuse existing NR waveform, instead of having a completely new design. Some potential waveform designoptions include reusing PDCCH design, or reusing PUCCH design. Between the two options, we believe PDCCH waveform is more suitable due to the following reasons:
· The CUI needs to carry some payload information (NAV information and a flag to distinguish transmitter or receiver), so PUCCH formats with 1-2 bits payloads are not helpful.
· The CUI waveform needs to be transmitted from both gNB and UE. Since NR UE already support both DFT-s-FDM waveform and OFDMA waveform, it is more natural to use OFDMA waveform for CUI
· The CORESET configuration that includes parameters such as bandwidth, time domain length, interleaving or not, different aggregation levels for the DCI is more flexible than the PUCCH waveforms. Thus it is easier to find a good configuration to fit the purpose and match the performance requirement

If PDCCH waveform is picked for CUI transmission, we will need to define a control resource set (CORESET) structure for carrying the CUI. Since the CUI needs to be detected across operators, some coordination is needed on the CORESET configuration. 
[bookmark: p5]Proposal 5. Reuse NR PDCCH waveform for CUI transmission from both gNB and UE.
For asynchronous deployment, we need to support asynchronous detection of CUI as well. However, for PDCCH monitoring, a pre-configured set of timing is needed, as the PDCCH detection is done in frequency domain. If we need to generalize the support of detecting CUI to asynchronous deployment case, we will need a way to recover the timing from other operators. One way to achieve this goal is to reuse the Wake-Up Signal proposed in the next section. As can be seen in the next section, the detection of the wake-up signal is done is time domain. It is possible to use the WUS as a preamble to CUI, so the detector will start the CUI detection after detecting the WUS.


Figure 6. WUS assisted CUI-PDCCH detection
[bookmark: p6]Proposal 6. If CUI detection is supported for asynchronous deployment, use wake-up signal as a preamble to assist the CUI detection.

2.4	Wake-up signal
In NR study item phase, the introduction of wake-up signal has been considered. The main benefit of introducing such mechanism is for UE side power saving. Though eventually, WUS was not further considered in NR licensed design, in NR-unlicensed, we see the importance of WUS increases. This is mainly because, even though a UE is configured to monitor the PDCCH in a slot, if the gNB failed to pass LBT for the PDCCH transmission, the UE monitoring of the whole PDCCH region is wasted. It will be more energy efficient if the UE has some side information on when the gNB is transmitting. 
The use cases of WUS in NR-unlicensed include:
A. PDCCH monitoring power saving.
B. More starting positions for TxOP without significantly impacting power consumption
C. Preamble for channel usage indicator transmission



Figure 7. WUS use case A: Wake up signal for PDCCH monitoring
For use case A, WUS helps to skip the PDCCH monitoring for better power saving. The PDCCH monitoring involves multiple computation steps including FFT, channel estimation, demapping, and Polar code decoding of multiple decoding candidates. Better battery life can be achieved if these processing steps are conditioned on a simple WUS detection.


Figure 8. WUS use case B: Wake up signal for flexible TxOP starting position indication
In LTE LAA, the TxOP can start at slot level. To support more starting positions within a NR slot, the UE needs to be configured to monitor PDCCH more frequently, which translates to higher power consumption. If a WUS is introduced before the actual TxOP starts, the PDCCH based processing can be skipped when WUS is not detected, which allows more flexible starting positions to be supported without significantly impacting the power consumption.


Figure 9. WUS use case C: Wake up signal for CUI detection

When channel usage indicator is used across different NR-U nodes for better reuse, the CUI transmission can be asynchronous as different NR-U nodes may not be time aligned, especially when they are from different operators. Then to detect the CUI from other nodes, we will need to recover the timing for CUI transmission, assuming CUI is using OFDM waveform. The WUS can serve that purpose. The WUS can be detected in asynchronous fashion and the WUS can provide the timing needed for the CUI detection.
For the waveform for WUS, we need to keep in mind that the waveform should support low power consumption detection. We can consider NR-PSS/SSS type waveform to reuse the PSS/SSS detection mechanism already available in NR UE. However, the NR-PSS/SSS waveform is relatively narrow band, and in some unlicensed bands, the PSD limitation enforced by regulators may not allow the NR-PSS/SSS type waveform to be transmitted with full power. 
Alternatively, wideband waveform that support auto-correlation based detection can be supported. The wideband waveform supports full power transmission, and the auto-correlation based detection typically can be supported with lower power consumption
[bookmark: p8]Proposal 7. Further study the design and usage of wake-up signal in NR
For the waveform for WUS, we will need a design that supports low complexity detection, time domain detection (if asynchronous detection is needed), and reasonably good coverage. The following two options can be considered:
· Narrow band waveform like what is used for PSS
· Wideband waveform formed by repeating short sequence, like the waveform used by WiFi STF

For the narrow band option, if a similar sequence like PSS is used, we can most likely reuse the design of PSS detection. In hardware implementation, the same circuit and algorithm for PSS detection can be reused as well. The waveform is relatively narrow band, so the complexity of cross-correlation based time domain detection is relatively low. A downside of this design is the transmission under PSD limitation. In that case, due to the narrow band nature of the signal, the transmit power of the waveform can be limited which will limit the coverage of the waveform.
On the other hand, if wideband repeated short sequence is used, since the signal is wideband, the transmission under PSD limitation will not be a problem. However, since the sampling rate of the waveform is high, cross-correlation based time domain detection will be of high complexity. Instead, typically an auto-correlation based detector is used which has much lower complexity but comes at expense of degraded performance when compared with a cross-correlation based solution.
Both options have their pros and cons. We propose to study them both and pick one.
[bookmark: p9]Proposal 8. For the waveform for WUS, consider PSS/SSS like waveform and wideband repeated short sequence type waveform.
Conclusions
The proposals and observations made in this contribution are summarized below.
On waveform design under PSD limitation:
[bookmark: _GoBack]Proposal 1: Interlace waveform should be considered for both uplink and downlink in NR-U
On waveform design for 60GHz band:
Proposal 2: Support SCS of 960KHz or 1920KHz for 60GHz band for OFDM and DFT-s-OFDM
Proposal 3: Support single carrier waveform such as SC-QAM/DFT-s-OFDM for DL and SC-QAM for UL for 60GHz band
On channel usage indication for more efficient channel reuse:
Proposal 4. NR-unlicensed supports channel usage indicator transmission for more accurate transmission coexistence. The CUI includes NAV information and also identifies the CUI is for transmission or reception.
Proposal 5. Reuse NR PDCCH waveform for CUI transmission from both gNB and UE.
On wake-up signalling for power saving and asynchronous CUI detection support:
Proposal 6. If CUI detection is supported for asynchronous deployment, use wake-up signal as a preamble to assist the CUI detection.
Proposal 7. Further study the design and usage of wake-up signal in NR
Proposal 8. For the waveform for WUS, consider PSS/SSS like waveform and wideband repeated short sequence type waveform.
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