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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 aspects that we believe are essential for efficient NR-unlicensed operation. The areas covered include:
· LBT for NR-U
· Self-contained TxOP structure
· Channel usage indicator 
· Wake-up signal
· AUL for NR-U
· Waveform considerations for bands with PSD limitation
· Waveform considerations for 60GHz band

Companion contributions providing more details on these are included in the reference and are submitted to 7.6.5.
Discussions
2.1	LBT for NR-U
Access on unlicensed spectrum is typically granted after a listen-before-talk (LBT) procedure. The LBT procedure may involve the contending node monitoring the medium for ongoing channel usage prior to acquiring the medium for transmission. In LTE-LAA, the contending node was required to monitor the channel for energy for a certain random length of time and compare the received energy against a threshold (energy detection, CCA procedure). This basic scheme, while simple and technology agnostic, could be enhanced in NR to improve reliability, coexistence and channel reuse. 
Factors that play a role in NR-U design also include (1) different properties of sub-6 GHz and mmWave spectra (2) enhancements in baseline NR technology and (3) synchronization across operators. 
On (1), the highly directional nature of mmWave communications imply that transmitter side energy sensing may not only be mismatched to actual interference at the receiver but also result in oversilencing. On (2), 5G-NR allows for features such as flexible frame structures and slot structures, which can be leveraged effectively for baseline NR-U performance. Further enhancements could be made by (3) time synchronization across nodes of operators. This may be especially suitable for, but not limited to, new bands that are in scope of NR. With synchronous mode of operation, the precise locations of reservation signals may be known. This property can be exploited for more effective sharing across operators, leading to improvements in throughputs, reliability and higher QoS.   
2.1.1	General Aspects of LBT for NR-U
We would like to outline a few high-level principles in this section for LBT in NR-U:
· Reliability: It is desirable to ensure that channel contention achieves the stated objective of ensuring reliable operation over the unlicensed spectrum
· For instance, pure energy detection at the transmitter may not be able to mitigate hidden node interference at the receiving node, hence compromising on reliability.
· Channel reuse: The penalty paid for reliability enhancement in LBT procedures is the loss of channel reuse. We would like to propose judicious use of this significant resource, i.e., channel reuse loss should be limited to the specific situations where it is necessary. 
· The absolute level of channel reuse could well be a function of loading, node density etc. but it seems appropriate to strive to achieve the correct reuse – reliability trade-off in the next generation of unlicensed systems.
· Coexistence: More the shared information between two nodes, the better they are likely to co-exist. 
· In this spirit, it seems desirable to introduce some form of over-the-air signalling in NR-U design for better channel reuse. This could be as simple as a channel usage indication to the other node. 
[bookmark: p1]Proposal 1: We propose further investigation of enhancements to LBT in NR-U compared to the first generation of schemes adopted in LTE-LAA, considering (1) reliability, (2) channel reuse and (3) coexistence.
2.1.2	LBT for mmWave NR-U
The interference dynamics in mmWave operation are expected to be quite different compared to sub-6, main arising from directionality and analog beamforming in mmWave. For instance, the highly directional transmissions may mean the following: 
(1) Interference mismatch at Tx and Rx (Exaggeration of hidden / exposed node terminals)
· As shown in the figure below, the interference seen by a transmitter and that seen by a receiver may be substantially different. This directly implies at that transmitter energy based LBT may not only be sub-optimal but also mismatched enough to not serve the purposes of reliability, reuse and coexistence.
[image: ]These two links can co-exist simultaneously due to spatial separation
gNB1
gNB2
UE1
UE2
Transmitters may not hear each other 
(due to directionality, even if within 
distance), receivers would be impacted
  Tx-Only strategies lead to collision
gNB1
gNB2
UE1
UE2
Transmitters likely to hear each other, receivers not 
impacted due to spatial separation / directionality
  Tx-Only strategies lead to over-silencing
gNB1
gNB2
UE1
UE2
Transmitters may not hear each other 
(due to directionality, even if within 
distance), receivers would be impacted
  Tx-Only strategies lead to collision
gNB1
gNB2
UE1
UE2
Transmitters likely to hear each other, receivers not 
impacted due to spatial separation / directionality
  Tx-Only strategies lead to over-silencing

[bookmark: p2]Proposal 2: We propose targeted LBT for NR-U, i.e., consider receiver-based techniques for NR-U LBT to supplement some form of channel sensing at the transmitter.
(2) Node Deafness and directionality of Medium Sensing:
· The difference between beam directions used for monitoring the channel and the beams used for data transmissions impacts the effectiveness of LBT. In principle, this can lead to two types of error events if the sensing beams and transmission beams are mismatched:
[image: ]
[bookmark: p3]Proposal 3: We propose directional LBT for mmW, i.e., directionality of the sensing beam is considered vis-a-vis the transmission beam. 
(3) On-Demand LBT: 
· As a general principle, we note that greater the number of antennas, more the spatial separation that can be achieved and hence more links can simultaneously coexist. 
· Moreover, performing LBT requires overhead of medium sensing and potentially reservation related control messages as well. 

Note that if all the links do not need to spend this overhead, and if spatial separation isolates transmission in a natural sense, then in the interest of reuse optimization, we would like to propose a form of “On-Demand” LBT. For instance: 
· LBT could be activated only for beams on which there are nodes impacted by interference, say beyond a certain threshold, as observed over a semi-static duration of time. In the absence of such impact, the loss of reuse over such beam directions may not be justifiable.

[bookmark: p4]Proposal 4: We propose LBT for NR-U to have an ‘On-Demand’ feature, while also considering directionality and targeted reservation so that the efficacy and reliability of the channel access procedure is enhanced.
[image: ]
2.1.3	LBT for Sub-6 NR-U
In this section, we focus on high-level considerations for LBT enhancements for sub-6 unlicensed spectrum. As stated above, the basic scheme of energy detection at the transmitting node has its deficiencies both from a reuse and a reliability point of view. We would like to discuss the following possible enhancements:
(1) Interference alignment (in addition to interference avoidance):
· As seen in the mmWave case, spatial separation can allow links to coexist, thereby increasing throughputs. The basic premise of energy based LBT has been interference avoidance only. However, with the evolution of NR technology to have more frequent uplink signals such as SRS and CSI feedback, interference doesn’t have to be entirely avoided, it can be aligned across nodes, spatially.
· For instance, if the choice of one digital precoding matrix compared to another can help avoid interference, then the transmission does not have to be stopped.

[bookmark: p5]Proposal 5: In defining channel access procedures in NR-U, we propose that interference alignment be utilized along with interference avoidance.


[bookmark: _GoBack]2.2	Self-contained TxOP Structure
Once a node gets access to the medium, a node is allowed to transmit for a maximum period of time based on the traffic type (QCI) called maximum channel occupancy time (MCOT). The MCOT is part of the regulatory rules. The node may however choose to reserve/use a portion smaller than the MCOT for its communications. This period of time where the node gains right to access the medium is referred to as the TxOP (transmission opportunity).
We propose that the NR-U TxOP be structured into two portions as shown in Fig. 1. 
· A preparation stage 
· A data transmission stage
Each stage may comprise one or more DL and UL bursts. A stage may thus involve more than one DL to UL switch.


Figure 1: NR-U TxOP Frame Structure
The preparation stage could be used to serve a variety of applications. For example, since the LBT procedure prior to the TxOP only determines if the channel is free for use by gNB, due to hidden nodes issue, it may be possible that the intended UE is unable to receive the transmission. The preparation stage can be used to check if the intended UE can also transmit/receive thereby making the use of the medium more efficient. The preparation stage can also be used for fast link adaptation. For example, it may include CSI-RS/SRS trigger transmissions from gNB and CQI feedback/SRS transmissions from the UE.
The data transmission stage proposed is similar in functionality to the TxOP frame structure used for LAA/eLAA in LTE. It could be a DL centric, UL centric or mixed TxOP. In LAA/eLAA design the mixed TxOP had a single DL portion followed by an UL portion. For NR though we propose allowing multiple switches between DL and UL due to some of the inherent design changes in NR such as self-contained slots which have faster HARQ timelines such as ACK feedback for PDSCH on the same slot as the PDSCH. Such a design thus allows data transmission and related feedback in the same TxOP simplifying the overall operation. Feedback for some TBs (e.g. only the TBs appearing towards the end of the TxOP) may still be allowed in subsequent TxOP.
The presence of the preparation stage, number and duration of DL/UL portions, and functionality supported, can be configured (e.g. through broadcast signalling or RRC) and/or be dynamically scheduled. Similarly, the DL/UL portions in the data transmissions stage could also be configured and/or dynamically scheduled. Further details of the TxOP structure are discussed in our companion contribution [2].
[bookmark: p6]Proposal 6: TxOP is structured into a preparation stage and a data transmission stage 
· The preparation stage may comprise multiple DL and UL portions to exchange control information such as for CSI or channel usage indication 
· The data transmission stage may contain multiple DL and UL switches to accommodate self-contained slots

2.3	The need for 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 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. To distinguish from the WiFi design, in the following, we will call this Channel Usage Indicator (CUI). 
One issue not covered by the WiFi preamble design is, the detector will initiate backoff when a preamble is detected, without distinguishing the direction of the transmission. For example, if a gNB indicates it will transmit in the next few slots in the CUI, and the node detected the CUI intends to transmit as well, there is no need for backoff the transmission. On the other hand, if the gNB indicates it will receive in the next few slots in the CUI, and the node 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 transmission. As a result, the CUI should carry not only NAV information, but also indicate the channel usage is for transmission or reception.
[image: ]
[bookmark: _Ref506391578][bookmark: _Ref506391567]Figure 2 System-level simulation results for CUI


In Figure 2 we provide preliminary system-level simulation results to demonstrate the potential benefits from CUI in a typical cellular outdoor scenario. In this scenario, two operators are sharing 40MHz, with each operator running 21 gNBs to serve 105 UEs (i.e., totally 42 gNBs and 210 UEs) that are requesting bursty downloading.  We compare the case that gNB conducts LAA-like ED and the case that besides ED gNB respects as well CUI(s) sent from scheduled UEs in its nearby. It is obvious that CUI offers considerable improvement especially to cell-edge UEs.
[bookmark: p7]Proposal 7. 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.
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. The WUS can be used for PDCCH monitoring power saving.
B. The WUS can be further used to support more flexible starting position for TxOP
C. The WUS can be used as preamble for channel usage indicator transmission



Figure 3. 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 processings are conditioned on a simple WUS detection.


Figure 4. 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 translate 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.


Figure 5. 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 pick up 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 8. Further study the design and usage of wake-up signal in NR

2.5	AUL for NR-U
In some regions in the world, a node need to perform an Listen-Before-Talk (LBT) procedure for medium access in unlicensed band to achieve fair coexistence between different nodes, including cellular nodes and WiFi nodes. With scheduled uplink transmission, a UE can only transmit uplink data when gNB gains medium access and transmits UL grant.
Grant-free uplink (GUL) transmission has been specified in NR to reduce PDCCH overhead and uplink transmission delay by avoiding the handshake time associated with scheduling request and uplink grant. However, NR GUL only considers licensed operation which may have some limitations when directly applying to NR unlicensed. Some areas for optimization in NR unlicensed operations are listed as examples:
· NR GUL design assume synchronous HARQ unless retransmission always falls back to grant based
· Implicit HARQ ID from indicated resource
· Implicit HARQ RV sequence from configuration
· In NR-U, when UE fails CCA on the predetermined HARQ locations, it needs to wait till next HARQ instances for uplink transmission, thereby introducing much bigger delay. In addition, the pre-configured RVID may not be adapted to both decoding and detecting failure in the previous transmissions
· Limited transmission adaptation is supported in NR GUL
· NR GUL type 1 does not have transmission adaptation
· NR GUL type 2 allows transmission adaptation with activation DCI
· However, in NR unlicensed, where more grant free UL transmissions are expected compared to NR, the efficient transmission adaptation to channel, power headroom, buffer status and LBT outcome, etc is important. 
· NR GUL resource assignment does not consider LBT failure
· Due to LBT, some nodes may not be able to transmit. It is beneficial to allow multiple UEs to be overloaded on the same resources and introduce some mechanism to avoid the collision.  
In NR AUL, we can optimize the NR GUL design by taking NR unlicensed operation into account. Some design considerations are listed below as examples.
· UE selected HARQ operation can reduce transmission delay and allow better HARQ combining. AUL-UCI can be introduced for UE to indicate the selected HARQ parameters and transmitted along with the AUL data.
· Faster transmission adaptation (such as MCS, PMI, RI, etc.) can be introduced in NR AUL for better link and medium efficiency.
· MCoT sharing between UL and DL allows gNB to schedule DL in UE MCoT to improve DL performance

· MCoT sharing between SUL (scheduled UL) and AUL allows gNB to schedule UL in scheduled mode in the UE MCoT to improve UL performance

· AUL resource assignment should consider UE LBT failure or no data transmission. 

Note similar design aspects have already been considered in FeLAA.
[bookmark: p9]Proposal 9: AUL can be considered for grant free uplink transmission in NR-U

2.6	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 (e.g., the definition of an interlace). 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 6.


[bookmark: _Ref506387282]Figure 6 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 7.


[bookmark: _Ref506387294]Figure 7 Sub-RB based interlace design in NR with 60KHz SCS

[bookmark: p10]Proposal 10: Interlace waveform should be considered for both uplink and downlink in NR-U

2.7	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 8: SC-QAM System Model

In a companion contribution [2] we show 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. 5, 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 11: Support SCS of 960KHz or 1920KHz for 60GHz band for OFDM and DFT-s-OFDM
[bookmark: p12]Proposal 12: Support single carrier waveform such as SC-QAM/DFT-s-OFDM for DL and SC-QAM for UL for 60GHz band
Conclusions
The proposals and observations made in this contribution are summarized below.
Proposal 1: We propose further investigation of enhancements to LBT in NR-U compared to the first generation of schemes adopted in LTE-LAA, considering (1) reliability, (2) channel reuse and (3) coexistence.
Proposal 2: We propose targeted LBT for NR-U, i.e., consider receiver-based techniques for NR-U LBT to supplement some form of channel sensing at the transmitter.
Proposal 3: We propose directional LBT for mmW, i.e., directionality of the sensing beam is considered vis-a-vis the transmission beam. 
Proposal 4: We propose LBT for NR-U to have an ‘On-Demand’ feature, while also considering directionality and targeted reservation so that the efficacy and reliability of the channel access procedure is enhanced.
Proposal 5: In defining channel access procedures in NR-U, we propose that interference alignment be utilized along with interference avoidance.
Proposal 6: TxOP is structured into a preparation stage and a data transmission stage 
· The preparation stage may comprise multiple DL and UL portions to exchange control information such as for CSI or channel usage indication 
· The data transmission stage may contain multiple DL and UL switches to accommodate self-contained slots
Proposal 7. 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 8. Further study the design and usage of wake-up signal in NR
Proposal 9: AUL can be considered for grant free uplink transmission in NR-U
Proposal 10: Interlace waveform should be considered for both uplink and downlink in NR-U
Proposal 11: Support SCS of 960KHz or 1920KHz for 60GHz band for OFDM and DFT-s-OFDM
Proposal 12: Support single carrier waveform such as SC-QAM/DFT-s-OFDM for DL and SC-QAM for UL for 60GHz band
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