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1 Introduction

In the new SID on NR-based access to unlicensed spectrum (NR-U) [1], coexistence methods for intra-/inter-NR-U as well as between NR-U and LTE LAA and other incumbent RATs such as Wi-Fi in accordance with the regulatory requirements, are proposed for further study. 
In this contribution, we introduce the existing listen before talk (LBT) mechanism and discuss the requirements on spectrum sharing mechanism. Furthermore, enhancements such as LBT for wider bandwidth operation, quasi-omnidirectional/directional LBT and joint TRP channel access are discussed. This is a revision of R1-1717914 providing preliminary evaluation results on the coexistence of 802.11ad and NR-U HF in 60GHz scenarios.
2 Requirements on spectrum sharing mechanism for coexistence
An NR-U system will operate over the unlicensed spectrum potentially coexisting with multiple other systems. The coexisting systems can be any combination of other NR-U systems, LTE LAA systems or  Wi-Fi systems (IEEE 802.11n/ac/ax/ad/ay). Each coexisting system shall share the unlicensed spectrum with other systems according to similar preconfigured spectrum sharing rules while carrying out data transmissions. Therefore, the performance of NR-U depends upon the coexistence and spectrum sharing mechanisms employed within the regulatory requirements. 

LBT is a procedure whereby radio transmitters first sense the medium and transmit only if the medium is sensed to be idle, which is also called clear channel assessment (CCA). The CCA utilizes at least energy detection (ED) to determine the presence of signals on a channel. LBT is highly beneficial for a fair and friendly coexistence with incumbent systems in the unlicensed spectrum. 

The main incumbent systems in the 5 GHz band are Wi-Fi based on IEEE 802.11n/ac/ax technologies and LTELAA systems, which are or would be widely deployed both by individuals and operators for data offloading. Wi-Fi employs contention-based channel access mechanism, namely, carrier sense multiple access with collision avoidance (CSMA/CA). A Wi-Fi node intending to transmit firstly performs CCA before transmission. Additional backoff mechanism is designed for the collision avoidance aspect to cope with the situation when more than one node sense the channel idle and transmit at the same time. The backoff counter is drawn randomly within the contention window size (CWS), which is increased exponentially upon the occurrence of collision, i.e., not receiving an ACK, and reset to the minimum value when the transmission succeeds. If CCA is interrupted due to the channel being busy, the backoff counter value is frozen to maintain the channel access priority in the next access attempt. Wi-Fi supports channel access in wider channels. One of the 20 MHz channels is chosen as the primary channel for LBT with random backoff. The other pre-defined secondary 20 MHz/40 MHz/80 MHz channel can be sensed with one shot LBT if the LBT with random backoff on the primary channel is completed successfully. 
The LBT mechanism designed for LTE LAA fundamentally resembles the CSMA/CA of Wi-Fi. The size of LTELAA contention window is variable between X and Y extended CCA (ECCA) slots, which are the minimum and maximum CWSs. The ECCA slot duration is at least 9 µs, which is exactly the same as the Wi-Fi slot. LTE LAA supports two alternative solutions for multi-carrier LBT. In the first option named as Type A, the eNB performs LBT with random backoff on more than one unlicensed carriers and is allowed to transmit on the carriers that has completed the LBT with potential self-deferral to align transmissions over multiple carriers. In the second option named as Type B, the eNB is required to designate a primary carrier requiring LBT with random backoff and the eNB can sense other configured carriers with one shot LBT only if the eNB successfully completes the LBT with random backoff on the designated primary carrier. 

The main incumbent systems in the 60 GHz band are Wi-Fi based on IEEE 802.11ad/ay technologies.  IEEE 802.11ad/ay define 2.16 GHz wide channels in 60 GHz band and use the LBT principle. Even though beamforming is mandatory in IEEE 802.11ad/ay for both transmitter and receiver, the CCA is based on the strength of received signals via the quasi-omnidirectional receive beam. 

Fair coexistence between NR-U and other systems such as Wi-Fi, in its different versions, as well as LTE LAA, is necessary. It is very important to ensure that an NR-U system operates well together with all incumbent systems. Coexistence methods already defined in LTE LAA should be assumed as the baseline for NR-U operation in 5 GHz. Enhancements are expected to be introduced to improve the efficiency of the channel access, considering the new features of NR, e.g., wider bandwidth operation. LBT is mandatory at least in Europe for 60GHz, and the LBT mechanism is defined by ETSI in [2]. LBT mechanism for 60 GHz in NR-U is proposed to be designed for fair coexistence with IEEE 802.11ad/ay in world-wide area. The 60GHz band offers large amount of contiguous unlicensed spectrum (e.g., up to 14 GHz in US) in different regions of the world [3]. 2.16 GHz is recommended as the channel bandwidth in this band by ITU [4], which is larger than the maximum channel bandwidth currently defined in NR. It challenges the LBT mechanism design. Besides, high propagation loss due to high frequency band is supposed to be compensated by beamforming gain from the large scale antenna. The formed narrow beam changes the interference layout. Special channel access mechanism could be expected to enhance the spatial reuse in 60 GHz band within the regulatory requirements. 
Proposal 1: Coexistence with incumbent systems (e.g., LTE LAA, IEEE 802.11n/ac/ax/ad/ay) should be considered while designing the coexistence methods in NR-U.

Proposal 2: LBT mechanism defined in LTE LAA should be taken as the baseline for NR-U at least in 5 GHz, and enhancements and separate designs are expected for 5GHz and 60GHz respectively.
3 Potential enhancement on LBT mechanism
3.1 LBT for wider bandwidth operation
NR supports wider bandwidth operation in licensed bands. It also benefits the transmission in unlicensed band [5].  In RAN1#88 meeting, it has been agreed that the maximum channel bandwidth per NR carrier is 100MHz for <6GHz and 400 MHz for 6~52.6GHz, and the maximum number of NR carriers for CA and DC is 16 in phase 1. Whether the NR-U system supports such a large bandwidth will depend on the available spectrum defined in the regulations. 
Subband LBT could be used to support wider bandwidth operation in NR-U. In this scheme, the operating bandwidth is split into multiple subbands and LBT is carried out individually on each subband. Usually, the subband is set as the minimum operating bandwidth in target frequency band for the sake of coexistence. Multi-channel LBT in LTE LAA (i.e., Type A/B) is a typical example where each subband is 20MHz in 5GHz bands. It is possible to support transmission on a subband of the carrier operating on a wider bandwidth, hence achieve high channel access opportunity. Considering the power consumption, LBT is usually carried out in time domain for each subband. The computational complexity will increase with the number of subbands linearly. Taking 20 MHz as the bandwidth of a subband, 8 CCA attempts for 160 MHz operation carrier is needed every 9 µs in 5 GHz. The computational load could be overwhelming while the CCA attempt times reach to 32 if the number of CC increases to 4. 
Wideband LBT can be used to reduce the complexity of LBT for wider bandwidth operation. For example in 5 GHz Wi-Fi system, if wideband LBT of 40MHz and 80MHz are taken on the preconfigured secondary channels, at most 4 CCA attempts will be taken per time slot of 9 µs assuming same 160 MHz operating bandwidth. In order to facilitate wideband LBT, standard effort on channelization for each channel bandwidth is required to avoid interfering subband transmission. On the other hand, interference on subbands could also block the transmission on the whole wide band, which decreases the system performance. We can balance coexistence requirement, channel acquisition efficiency and implementation complexity through adjusting LBT bandwidth semi-statically or dynamically. 
Proposal 3: LBT for wider bandwidth operation should be studied considering coexistence requirement, channel acquisition efficiency and implementation complexity. 
3.2 LBT in TX/RX beamforming scenarios
Beamforming with large number of antenna elements would bring high link gain and enable interference rejection. The narrow beam can enhance the spatial reuse and change the interference layout. For a received signal, the detected energy will be amplified much while the receive beam aligns with the direction of the transmission signal, otherwise it will be depressed severely. However, interference fluctuate more dramatically when beamforming is adopted. Same as in low frequency band, LBT can be still used to avoid unexpected interference on the ongoing transmission in the same band. As shown in the figure below, user perceived throughput (UPT) of 802.11ad is decreased when LBT is not adopted by NR-U HF in coexistence with 802.11ad. The performance of 11ad and NR-U HF in coexistence scenario is related to the CCA threshold selection at NR-U HF. Lower LBT threshold at NR-U HF will avoid interference to 11ad at the cost of its own transmission opportunities. 
Observation 1: LBT is still necessary for NR-U HF to ensure fair coexistence with 802.11ad devices in certain deployment.
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Fig. 1 Illustration of UPT when LBT is not adopted by NR-U

The LBT with energy detection considering no array gain is called quasi-omni-directional LBT. It is used in IEEE 802.11ad/ay system and can be introduced in NR-U system. It is very easy for the implementation and can simplify the system design. The LBT mechanism defined in LTE LAA can be easily reused for quasi-omnidirectional LBT. However, quasi-omnidirectional LBT could cause an over protection problem. For example, one strong signal sensed from one beam direction could block the transmission on all directions even if the transmission will not interfere with the transmissions of other nodes in other beam directions. Quasi-omnidirectional LBT could thus decrease the probability of spatial reuse. 
The LBT with energy detection via narrow beam is called directional LBT. It has the merit to improve the probability of successful channel access and enhance the spatial reuse. However, the hidden node problem will be more severe due to the limited sensing direction. Moreover, directional LBT covers one beam direction per transmission and one beam covers a fewer number of UEs in that direction. In order to serve all the UEs in different directions, the gNB has to acquire multiple channel occupancy times (COTs) with multiple LBT attempts. Compared with quasi-omnidirectional LBT, the overhead caused by LBT is increased and it is not clear whether the overall system efficiency is increased or not.  Thus whether there is gain and how much gain can be obtained from directional LBT should be evaluated further. And how to design the directional LBT mechanism to obtain the spatial reuse gain with less overhead needs to be studied as well. Another point which should be considered for the directional LBT design is the LBT threshold. Interference fairness should be considered for the LBT threshold setting. For instance, higher LBT threshold brings higher probability of channel access, and causes more interference to other nodes. Wider transmit beam width will also increase the interfered region. Meanwhile, larger transmit antenna gain would bring more interference to the specific beam covered area. Larger transmit power would also increase the interference to the surrounding area. How to design a reasonable directional LBT threshold considering possible influential factors should be studied further.
For data transmission with high beamforming gain in NR-U, especially in 60 GHz band, quasi-omni-directional and directional LBT can be considered as two basic schemes. More evaluations are needed.     
Proposal 4: Quasi-omnidirectional and directional LBT can be considered as two basic schemes in NR-U and more evaluations are needed. 

3.3 Impact of reservation signals in individual TRP channel access

In current LBT mechanisms, a wireless node intending for transmission continuously senses the medium every CCA slot, e.g., 9 µs in 5 GHz before actual transmission. The CCA process is interrupted and started over once the medium is declared busy. If the CCA process succeeds, i.e., CWS counter decreases to 0, the transmission may immediately start at such an arbitrary time instant as in Wi-Fi. Thus, the medium access priority of the node is maintained among the other coexisting nodes with ongoing CCA processes which can sense the transmission of the node and back off. Whereas, in LAA, for instance, the transmission starting time needs to be aligned to the earliest slot or subframe boundary of the licensed PCC. In such individual channel access case, the LAA TRP can maintain its medium access priority among coexisting nodes by incurring the overhead of transmitting a blocking (reservation) signal to reserve the medium until the target starting boundary as shown in Fig. 1. As such, potential collisions with the transmissions of coexisting nodes are at least avoided if they back off upon sensing the reservation signal. However, frequent use of such reservation signals leads to spectral and energy inefficiencies. These are more pronounced with smaller SCS/longer time slots such as the 15KHz/0.5ms used in LTE LAA. Although these inefficiencies can be mitigated in NR-U by exploiting the new numerologies featuring larger SCSs and shorter slots/mini-slots, the design of a unified NR-U air interface should further strive to improve the efficiency of channel access by minimizing or eliminating the use of reservation signals.
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Fig. 1 Illustration of individual TRP channel access

Proposal 5: Towards a unified air interface across numerologies, NR-U design should further strive to improve the efficiency of channel access by minimizing or eliminating the use of reservation signals.

3.4 Joint channel access of neighboring TRPs and impact of self-deferral
LAA specifications [6] advise that ‘neighboring’ TRPs from the same operator network should be grouped together for joint channel access. This is achieved by synchronizing the transmission of their individual DL bursts to start at a common target boundary. In fact, joint TRP channel access is desirable for the following benefits: 

1. Opportunistically achieve a unity frequency reuse factor as in licensed spectrum and thus simplifying the interference measurement and management in the unlicensed band

2. Improving the spectral efficiency by mitigating the intra-operator exposed node problem between neighbour TRPs in which non-interfering TRPs may block the transmission of each other due to LBT and asynchronous transmissions.

3. Provide more effective protection from hidden nodes’ co-channel interference since a hidden node interfering with the transmissions of a given TRP could be within the transmission coverage of another in-group TRP

Despite the numerous performance and coexistence benefits of joint TRP channel access compared to individual TRP channel access, such benefits may not be realized in the absence of a clustering criteria and mechanism to identify neighboring TRPs and group them together for joint channel access.
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Fig. 2 Illustration of joint TRP channel access
In the case of joint TRP channel access, a group of TRPs can exploit the backhaul connections to coordinate their target starting boundary through a centralized controller. However, due to the independent CCA procedures and backoff counters of individual TRPs, reservations signals cannot be used to maintain the medium access priority among coexisting nodes. This is because other in-group neighboring TRPs would be blocked upon sensing the reservation signal of their neighbor TRP. Therefore, given the current LBT mechanism, the only feasible solution to enable joint TRP channel access is for each in-group TRP to self-defer until the common target boundary. However, as shown in Fig. 2, during the self-deferral period, it is very possible that the channel is occupied by other competition nodes who successfully complete their LBT procedure. Such occupying transmissions are very likely to collide with the deferred transmissions which cannot be blocked. Not only do collisions affect the decidability of the involved transmission from all coexisting nodes, but they also result in increased latencies and reduced throughput due to the exponential back off procedure. 
Observation 2: For NR-U to realize the benefits of joint TRP channel access, a clustering criteria and mechanism are needed to identify in-group neighboring TRPs for synchronous channel access.

Proposal 6: NR-U channel access design should strive to minimize or eliminate the need for self-deferral to maximize the performance gains of joint TRP channel access.
4 Conclusions
In this contribution, we discuss the requirement on LBT for coexistence and the potential enhancements on LBT mechanism, and have made following observations and proposals: 
Observation 1: LBT is still necessary for NR-U HF to ensure fair coexistence with 802.11ad devices in certain deployment.
Observation 2: For NR-U to realize the benefits of joint TRP channel access, a clustering criteria and mechanism are needed to identify in-group neighboring TRPs for synchronous channel access.

Proposal 1: Coexistence with incumbent systems (e.g., LTE LAA, IEEE 802.11n/ac/ax/ad/ay) should be considered while designing the coexistence methods in NR-U.

Proposal 2: LBT mechanism defined in LTE LAA should be taken as the baseline for NR-U at least in 5 GHz, and enhancements and separate designs are expected for 5GHz and 60GHz respectively.
Proposal 3: LBT for wider bandwidth operation should be studied considering coexistence requirement, channel acquisition efficiency and implementation complexity. 
Proposal 4: Quasi-omnidirectional and directional LBT can be considered as two basic schemes in NR-U and more evaluations are needed. 

Proposal 5: Towards a unified air interface across numerologies, NR-U design should further strive to improve the efficiency of channel access by minimizing or eliminating the use of reservation signals.

Proposal 6: NR-U channel access design should strive to minimize or eliminate the need for self-deferral to maximize the performance gains of joint TRP channel access.
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Annex. HF coexistence simulation assumption

	Simulation scenario
	Parameter

	Indoor deployment
in 38.901
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	Number of LAA/WIFI cell
	12 (DL only for NR-U HF)

	Number of STAs/UEs
	120

	System Bandwidth
	2 GHz

	Carrier frequency 
	60 GHz

	Total BS TX power
	23dBm

	Channel type
	SCM_3D

	UE speed
	100% indoor, 3km/h

	UE distribution
	Uniform dropping for indoor

	BS antenna height
	3m

	UE antenna height
	1.5 m

	MCOT 
	2 ms

	BS antenna gain
	5 dB

	UE antenna gain
	5 dB

	Tx Antenna configuration
	(M,N,P,Mg,Ng) = (4,8,1,1,1), (dV,dH) = (0.5, 0.5)λ, 

Boresight direction is perpendicular to the ceiling with 30 degree orientation

	Rx Antenna configuration
	(M,N,P,Mg,Ng) = (2,2,1,1,1), (dV,dH) = (0.5, 0.5)λ, 

Boresight direction is perpendicular to the ceiling with random orientation

	Scheduling
	PF

	Receiver type
	MMSE

	Traffic model
	FTP3 with packet size of 0.5Mbyts

	Codebook for analog beamforming
	DFT-based, oversampling ratio: O1 = 4, O2 = 4. 

	LBT configuration
	Quasi Omni LBT with ED=-48dBm or -68dBm for NRU HF, 
Quasi Omni LBT with ED=-48dBm and PD=-68dBm for 802.11ad,


