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1 Introduction
In RAN1 #93, the following agreements were made regarding the study of certain channel access procedures in NR-U ([1]):
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This contribution discusses the following channel access features with reference to EN 301 893, the ETSI-BRAN harmonized standard for 5 GHz [2] and with regards to fair coexistence with Wi-Fi:

1. DL-UL-DL switches within a paused COT when the gap from DL transmission to UL transmission exceeds 25us and one-shot LBT for those switching points.
2. Multiple one-shot LBT attempts within a paused COT for granted/scheduled UL transmission.
3. Paused COT feature for Autonomous Uplink (AUL) transmission.
4. No-LBT when the gap for a DL-UL switching point is less than or equal to 16 us.
2 Discussion

2.1 DL-UL-DL switches in a Paused COT when the gap from DL transmission to UL transmission exceeds 25us and one-shot LBT for those switching points
Unlike in Release 14/15 LAA, where a Paused COT contained only a single DL to UL or UL to DL switching point, it is being proposed that NR-Unlicensed should be allowed to contain one or more DL-UL-DL switching points; wherein the gap between a DL and the following UL transmission can be greater than 25 us and only one-shot LBT of 25 us can be performed ahead of such a UL transmission.
The following clauses in EN 301 893 are relevant:

Section 4.2.7.3.2.6 
6. a) The Channel Access Engine can have multiple transmissions without performing an additional CCA on this Operating Channel providing the gap in between such transmissions does not exceed 16 μs.

Otherwise, if this gap exceeds 16 μs and does not exceed 25 μs, the Initiating Device may continue

transmissions provided that no energy was detected with a level above the ED threshold defined in

clause 4.2.7.3.2.5 for a duration of one Observation Slot.
Section 4.2.7.3.2.7
2) The Responding Device may perform transmissions on the current Operating Channel for the remaining Channel Occupancy Time. The Responding Device may have multiple transmissions on this Operating Channel provided that the gap in between such transmissions does not exceed 16 μs.

The above clauses mean that: 

1. An Initiating device cannot continue a COT if there is any gap >25us in between transmissions within that COT. So, a DL-UL-DL switch is only permitted in ETSI-BRAN if there are no gaps > 25us within transmissions in a COT.
2. A Responding device cannot continue a COT if there is any gap > 16us in between transmissions of that Responding device within the COT. This also means that the following eLAA and FeLAA agreements “There can be gaps for 1 or 2 symbols between the scheduled UL subframes within an MCOT” and “Short gaps (up to 2 symbols) between subframes are allowed similarly as in (e)LAA” are only possible if these gaps occur between transmissions from different Responding devices and not from transmissions of the same Responding device.
The presence of the following clause is also noted:
Section 4.2.7.3.2.4 
NOTE 1: The maximum Channel Occupancy Time (COT) of 6 ms may be increased to 8 ms by inserting one or more pauses. The minimum duration of a pause shall be 100 μs. 

If there is a “pause” or a gap > 25us within a COT, the duration of that gap must be a minimum 100us. In other words, gaps > 25us and < 100us are not permitted.

The text “by inserting one or more pauses” does not contradict the first two clauses cited earlier. This text allows multiple pauses to exist in the COT as observed between the end of the last transmission by the Initiating device within the COT and the start of each of the initial transmissions of the multiple Responding devices, each such pause being >= 100us. For example, at time T, an Initiating device can deliver one 1 ms grant each to two Responding devices to transmit at start times T +5ms and T+10ms respectively. This creates two pauses >= 100us in the COT and is permitted by EN 301 893. However, in this case, per the first two clauses, the COT cannot be continued beyond the end of the contiguous transmission that is scheduled to start at time T + 10ms.
2.2 Multiple one-shot LBT attempts within a Paused COT for granted UL transmissions
The paused COT feature for an Initiating device-Responding device interaction was added to ETSI-BRAN EN 301 893 to accommodate the grant-to-transmission delay (i.e. the delay between the delivery of a grant from an Initiating device to the exercise of the grant on the part of the Responding device) since such a pause was required for scheduled UL LAA in order to efficiently utilize a COT. 

There have been two interpretations of the number of one-shot LBT attempts that are allowed for a Responding device:

Our interpretation is that the ETSI-BRAN language is intended to allow a Responding device to resume the paused COT only if a single one shot LBT indicated an idle channel. The use of the singular in all the cases where a grant is referred, together with the clause that the grant to a Responding device is withdrawn on failure of the one-shot LBT, is cited to support this interpretation:

Section 4.2.7.3.2.6 
6 b) The Channel Access Engine may grant an authorization to transmit on the current Operating Channel to one or more Responding Devices. If the Initiating Device issues such a transmission grant to a Responding Device…
Section 4.2.7.3.2.7 

Clause 4.2.7.3.2.6, step 6) b) describes the possibility whereby an Initiating Device grants an authorization to one or more associated Responding Devices to transmit on the current Operating Channel. A Responding Device that receives such a grant shall follow the procedure described in step 1) to step 3):

1. A Responding Device that received a transmission grant from an associated Initiating Device may proceed with transmissions on the current Operating Channel.

a) The Responding Device may proceed with such transmissions without performing a Clear Channel Assessment (CCA) if these transmissions are initiated at most 16 μs after the last transmission by the Initiating Device that issued the grant.
b) The Responding Device that does not proceed with such transmissions within 16 μs after the last transmission from the Initiating Device that issued the grant, shall perform a Clear Channel Assessment (CCA) on the Operating Channel during a single observation slot within a 25 μs period ending immediately before the granted transmission time. If energy was detected with a level above the ED Threshold defined in clause 4.2.7.3.2.5, the Responding Device shall proceed with step 3). 

3. The transmission grant for the Responding Device is withdrawn.

The intent of this short fixed LBT was to determine if any competing devices have become active in the channel, due to the existence of the channel activity pause. At the time of definition of this  regulation, the assumption was that one short LBT check was sufficient, as a pause of at least 100 us between the DL and UL transmission would be sufficient for other contenders to make the channel busy; subsequently, such a busy channel was not likely to revert to idle as quickly as would cause a difference between the outcomes of CAT4 LBT and one-shot LBT; and the DL to UL transmission gap as required by the grant-to-transmission delay would not be so large as would allow the channel to turn from busy to idle  i.e. it was assumed that a Responding device would not  require any longer LBT check until the next possible transmission start time which was, at the time of the drafting of the regulations, 1 ms later, at the start of the next subframe. It was also assumed that there would be only a single grant given to each UE per Initiating device access and it was discussed that this single attempt employing only a short LBT was allowed because of the fact that an Initiating device had performed a full CAT4 LBT to acquire the COT and therefore, this short LBT was piggybacking on the full and fair CAT4 LBT and extending the channel access gained by that more rigorous LBT.

However, 3GPP RAN1 interpreted that ETSI-BRAN allowed one-shot LBT at each 1ms subframe boundary, since at the time the ETSI-BRAN language was being drafted, it was known that Release 14 UL LAA transmissions could start at 1ms subframe boundaries. Given this interpretation, when subsequently the number of potential starting positions was doubled in Release 15 UL LAA, the number of one-shot LBT attempts in the UL was still limited by the number of consecutive 1ms subframe start positions granted to that UL transmission. This is the second interpretation of this ETSI-BRAN clause. 
It is being proposed that for NR-Unlicensed, multiple one-shot LBT attempts within a paused COT for granted UL transmissions should be allowed. The number of such attempts is FFS. As stated and reasoned above, the paused COT rules within ETSI-BRAN EN 301 893 envisioned only a single one-shot LBT attempt. Further, even if the regulations were reinterpreted as in 3GPP to allow multiple one-shot LBT attempts, the number of such attempts must be limited to at most the total consecutive time in ms granted to the UE for such transmission within a single paused COT. 

2.3 Paused COT feature for Autonomous Uplink (AUL) transmission
The paused COT feature was incorporated in ETSI-BRAN EN 301 893 to accommodate the mandatory grant-to-transmission delay present in case of scheduled UL LAA and which would otherwise have resulted in significant wastage of an acquired COT. Such a concession was needed to pause the COT and relax the LBT of only those transmissions which could not have otherwise occurred in the absence of a grant from the Initiating device.

The relevant text is below:
Section 4.2.7.3.2.6 
6 b) The Channel Access Engine may grant an authorization to transmit on the current Operating Channel to one or more Responding Devices. If the Initiating Device issues such a transmission grant to a Responding Device
Section 4.2.7.3.2.7 

Clause 4.2.7.3.2.6, step 6) b) describes the possibility whereby an Initiating Device grants an authorization to one or more associated Responding Devices to transmit on the current Operating Channel. A Responding Device that receives such a grant shall follow the procedure described in step 1) to step 3):

A Responding Device that received a transmission grant from an associated Initiating Device may proceed with transmissions on the current Operating Channel
This means that the paused COT feature in EN 301 893 is intended to allow only those transmissions that cannot happen without an explicit grant from the Initiating device within the same COT and so, autonomous UL transmissions which can proceed without any grant from the Initiating device should not use a paused COT. Such autonomous UL transmissions are allowed as an Initiating device with CAT4 LBT.
2.4 No-LBT when the gap for a switching point is less than or equal to 16 us
ETSI-BRAN EN 301 893 allows for no-LBT before a transmission of a Responding device if the gap between an Initiating device transmission and a Responding device transmission is less than or equal to 16 us.  This is also followed by Wi-Fi. However, the no-LBT procedure can lead to collisions in the presence of hidden nodes and so, even though it is followed by Wi-Fi, a Wi-Fi network protects the COT in multiple other ways to react to and mitigate collisions that may arise due the presence of hidden nodes. 
Some of these procedures are as given below. For ease of reference, we have marked them as Mandatory or Optional depending on whether these procedures are mandatory or optional in Wi-Fi.

5. Optional: RTS/CTS. The hidden node hears the RTS/CTS and mutes its own transmission.

6. Mandatory: The hidden node decodes the packet transmitted by the AP to the UE, reads the NAV and mutes its own transmission.

7. Mandatory: The hidden node increases its initial defer in case it is not able to decode the packet transmitted by the AP to the UE. Increase in the duration of the initial defer reduces the chance of a transmission from the hidden node colliding with either the packet or the (Block) ACK transmitted in response to the packet.

8. Mandatory: The AP terminates the COT and reattempts channel access afresh using CAT4 LBT in case the first packet exchange between the AP and the UE fails due to collision.

9. Optional: The AP terminates the COT and reattempts channel access afresh using CAT4 LBT on failure of any intermediate packet exchange within the COT. 

· Note that this is procedure is optional since the event that the (RTS/CTS and) first packet exchange in a COT succeed and a subsequent packet exchange fails is a rare event and should not occur in a Wi-Fi network unless the hidden node was 

· Not listening to the channel during the transmission of the (RTS/CTS or) first packet exchange, and 

· In the time interval it listened to the channel before its own transmission, it didn’t hear the transmission from the AP or the corresponding (Block) ACK. 

This is because, once on the channel, the Wi-Fi transmitter-receiver pair performs back-to-back transmissions separated by SIFS and no other Wi-Fi device can start transmitting by sensing the channel to be idle within the SIFS duration.
10. Mandatory (in case of 802.11n/ac): Mostly, short packets like ACK/ Block ACK are transmitted with 16us delay and without LBT. This rules out unfair occupation of channel for long periods of time using aggressive channel access mechanisms like no-LBT.

11. The incidence of hidden nodes in a Wi-Fi network is further reduced due to Wi-Fi using a lower CCA-CS threshold at -82dBm than the ED threshold of -72dBm used by LAA. In fact, commercial Wi-Fi devices generally use a CCA-CS threshold much lower than -82dBm and up to -92dBm or lower in order to protect weak links and also reduce the incidence of hidden nodes. 
The above hidden node mitigation schemes were not supported by LAA and hence LAA did not implement the no-LBT procedure.

So, if a no-LBT procedure is implemented for NR-U, NR-U must implement the above procedures similar to Wi-Fi in order to mitigate collisions from hidden nodes.

We have evaluated coexistence between co-channel LAA and Wi-Fi if there is no-LBT between LAA UL and DL transmissions within a COT, when the UL transmission is within 16us of the DL transmission and the UL transmission duration is limited to 1ms.

The evaluations considered a DL+UL configuration on the 3GPP Indoor network layout described in [3]. Salient other assumptions are as below:

· A single 20MHz unlicensed carrier.  

· 20 bidirectional BE flows each for LAA and Wi-Fi. Additionally, 2 bidirectional Voice flows for non-replaced Wi-Fi.

· DL:UL traffic ratio is 80:20.

· The COT is won by the eNB using CAT4 LBT with the channel access parameters of BE and an ED threshold of -72dBm. 

· Wi-Fi STAs use CWMin = 15 and CWMax = 1023 for BE.

· The simulated Buffer Occupancy of the non-replaced Wi-Fi network is 0.58.

· Each configuration described below is simulated over 30 seconds and 15 random seeds.

The following figure compares the percentage change in Wi-Fi BE mean DL UPT, mean UL UPT and VoIP outage in a Wi-Fi + LAA network compared to a Wi-Fi + Wi-Fi network for the above configuration.
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Figure 1: %Change in Wi-Fi mean DL and UL UPT and VoIP outage in Wi-Fi + LAA versus Wi-Fi + Wi-Fi with no-LBT between LAA UL and DL transmissions if the UL transmission is within 16us of the DL transmission and the UL transmissions is limited to 1ms
Note: 

1. Wi-Fi DL and UL mean UPTs reduce by 21% and 23% respectively and the VoIP outage increases by 36% in presence of no-LBT for LAA UL transmissions that satisfy the above configuration.

2. The fair coexistence criteria for Wi-Fi DL and UL mean UPT and VoIP outage are not satisfied if there is no-LBT between LAA DL and UL transmissions when the UL transmission is within 16us of the DL transmission even when the UL transmission duration is limited to 1ms. 

As the NR-U channel access procedures are expected to be similar to LAA, it is expected that the performance of an NR-U + Wi-Fi network will also be similar to what is shown above, if no-LBT is used for NR-U. We are in the process of evaluating this performance in the NR-U Indoor sub- 7GHz network topology. 
3 Observations and Conclusions
Observation 1: According to ETSI-BRAN EN 301 893, an Initiating device cannot continue a COT if there is any gap >25us in between transmissions within that COT. So, a DL-UL-DL switch is only permitted in ETSI-BRAN if there are no gaps > 25us within transmissions in a COT.

Observation 2: According to ETSI-BRAN EN 301 893, a Responding device cannot continue a COT if there is any gap > 16us in between transmissions of that Responding device within the COT. This also means that the following eLAA and FeLAA agreements “There can be gaps for 1 or 2 symbols between the scheduled UL subframes within an MCOT” and “Short gaps (up to 2 symbols) between subframes are allowed similarly as in (e)LAA” are only possible if these gaps occur between transmissions from different Responding devices and not from transmissions of the same Responding device.

Observation 3: According to ETSI-BRAN EN 301 893, if there is a “pause” or a gap > 25us within a COT, the duration of that gap must be a minimum 100us. In other words, gaps > 25us and < 100us are not permitted.

Observation 4: ETSI-BRAN EN 301 893 intended to allow a Responding device to resume the paused COT with only a single one shot LBT attempt. 
Observation 5: The paused COT feature in ETSI-BRAN EN 301 893 is intended to allow only those transmissions that cannot happen without an explicit grant from the Initiating device within the same COT and so, autonomous UL transmissions which can proceed without any grant from the Initiating device should not use a paused COT. Such autonomous UL transmissions are allowed as an Initiating device with CAT4 LBT.
Observation 6: ETSI-BRAN EN 301 893 allows no-LBT before a transmission of a Responding device if the gap between an Initiating device transmission and a Responding device transmission is less than or equal to 16 us.  This is also followed by Wi-Fi. However, the no-LBT procedure can lead to collisions in the presence of hidden nodes and so, even though it is followed by Wi-Fi, a Wi-Fi network protects the COT in multiple other ways to react to and mitigate collisions that may arise due the presence of hidden nodes.
Proposal 1: NR-Unlicensed shall not have one or more DL-UL-DL switches within a COT if there are gaps >25 us between any DL-UL or UL-DL transmissions.

Proposal 2: NR-Unlicensed shall use only one attempt at one-shot LBT ahead of a UL transmission in a paused COT. If the LAA example is to be followed, the number of such attempts must be limited to at most the total consecutive time in ms granted to the UE for such transmission within a single paused COT.

Proposal 3: NR-Unlicensed shall not use the paused COT feature for autonomous UL transmissions.

Proposal 4: If a no-LBT procedure is implemented for NR-U for gaps less than or equal to 16us, NR-U shall implement procedures similar to Wi-Fi in order to mitigate collisions from hidden nodes.
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Agreement:


Single and multiple DL to UL and UL to DL switching within a shared gNB COT is identified to be beneficial and can be supported


LBT requirements to support single or multiple switching points, include


For gap of less than 16us: no-LBT can be used 


Restrictions/conditions on when no-LBT option can be used will be further identified, in consideration of fair coexistence. 


For gap of above 16us but does not exceed 25us: one-shot LBT can be used 


Restrictions/conditions on when one-shot LBT option can be used will be further identified, in consideration of fair coexistence. 


For single switching point, for the gap from DL transmission to UL transmission exceeds 25us: one-shot LBT is used 


Further study needed on how many one-shot LBT attempts is allowed for granted UL transmission 


FFS: For multiple switching points, for the gap from DL transmission to UL transmission exceeds 25us, one-shot LBT is used. Regulations for this option








