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At RAN1#82, the following was agreed [1]:
· RAN1 shall identify adaptation rules for LAA to adaptively lower the maximum energy detection threshold to ensure co-existence with other RATs including Wi-Fi and good performance of LAA
· Technologies that ensure co-existence with other RATs including Wi-Fi, using alternative means not requiring lowering of the maximum energy detection threshold, are not precluded.
· At least the following shall be considered in defining the adaptation rules of the maximum energy detection threshold:
· Antenna gain and number of transmit antennas
· Coexistence with LAA in absence of other RATs including Wi-Fi
· The maximum rated EIRP of the LAA transmission point within unlicensed band
· The maximum EIRP within the transmission burst following the LBT procedure 
· The transmission bandwidth
· Measured ambient noise floor
· Deployment scenario: Indoor, outdoor
· Estimated Load on the operating channel
· Feasibility of the co-existence test
· Single global solution
· In regions and bands/sub-bands without regulations, define an upper bound for the maximum energy detection threshold taking into consideration
· May be based on bandwidth and presence of other RATs

In this contribution, we discuss adaptively lowering the energy detection (ED) threshold and propose a rule for such adaptation.
Discussion
 Motivations for Energy Detection Threshold Adaptation 
The study item on LAA stated the following on energy detection threshold adaptation [2].
“Regulatory requirements in some regions, e.g., in Europe, specify an energy detection threshold such that if a node receives energy greater than this threshold, the node assumes that the channel is not free. While all nodes need to follow such regulatory requirements, a node may optionally use a lower threshold for energy detection than that specified by regulatory requirements. For LAA, it is recommended that LAA supports a mechanism to adaptively change the energy detection threshold, at least for the downlink, i.e., it is recommended that LAA support a mechanism to adaptively lower the energy detection threshold from an upper bound. Such an adaptation mechanism does not preclude static or semi-static setting of the threshold. It should be noted that such a mechanism to adaptively lower the threshold may or may not have specification impact.”
The motivations for adapting the energy detection threshold were two-fold. One motivation was to protect real-time services on a coexisting Wi-Fi network. The second motivation was to be able to achieve dynamic threshold adaptation based on the transmit power that is being used by the transmission burst following the LBT operation.
For real-time services, the main concern was a potential increase in VoIP outage for the non-replaced Wi-Fi network when a coexisting Wi-Fi network is replaced by an LAA network serving the same users with the same traffic. Some sources showed such a VoIP outage increase in the evaluations performed during the study item for the indoor scenario if a higher energy detection threshold of -62 dBm is used and showed that the increase in outage can be mitigated by lowering the threshold. The central cause of this issue is that Wi-Fi uses a dual threshold approach where a Wi-Fi node backs off to another Wi-Fi node when the preamble is received at a received energy level of -82 dBm or higher and backs off to any other non-Wi-Fi node when energy is received at a much higher threshold of -62 dBm or higher. 
Generally, increasing the energy detection threshold serves to increase the achievable reuse factor in the network which in most cases has a positive impact on system performance. The level of this impact is environment and deployment dependent. In the indoor environment simulated where there are four access points per operator, the impact of the reuse factor on overall performance was not very significant. However, in outdoor environments or in indoor environments with different deployments or building layouts, the benefit of increasing the reuse factor with a higher energy detection threshold can be more readily apparent. 
The evaluations during the study item generally showed that performance with FTP traffic was either improved or not impacted by using an energy detection threshold of -62 dBm in the evaluated cases. However, there was an impact on VoIP outage levels in some of the reported evaluations for the indoor scenario considered. Another aspect to consider is that the impact to real-time services such as VoIP may also be dependent on the overall load in the system. At lower loads, real-time services on the Wi-Fi network are viable and the use of the higher threshold in some environments may increase the outage in real-time services to a small extent. However, at higher loads, real-time services on the Wi-Fi network already have a high outage. Under these conditions, the use of a higher threshold by LAA can, in many cases, serve to reduce outage. The differences between the outage when a Wi-Fi network coexists with another Wi-Fi network and when it coexists with another LAA network, as a function of load, can be seen from the evaluation for real-time video services in [3].
Therefore, while reduction of the energy detection threshold can achieve the desired protection of real-time services on a coexisting Wi-Fi network, such a reduction is needed only at low loads in indoor environments for certain deployments. Furthermore, the amount by which the threshold should be reduced to ensure there is no outage at low loads needs to be addressed carefully. If the level is too low, it can compromise LAA performance unnecessarily and if it is too high, it won’t satisfy the goal of ensuring there is no VoIP outage at any load point. To evaluate this, different threshold settings were investigated and it was found that reducing the threshold level to -72 dBm in the indoor environment considered was adequate to ensure there would not be any increase in VoIP outage. The outage for real-time video conferencing on the non-replaced Wi-Fi network was investigated in [3] and the relevant figure from this contribution (reproduced below for convenience) illustrates this. The figure shows that at an energy detection threshold of -72 dBm, the VoIP outage does not increase at low loads while it reduces significantly at high loads for both DL and UL on the coexisting Wi-Fi network. 
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[bookmark: _Ref414666672]Figure 1: Video outage with 80/20 split between DL and UL traffic where black and blue lines correspond to the non-replaced Wi-Fi network coexisting with Wi-Fi and with LAA, respectively. Operator A network has only DL traffic and Operator B network has DL and UL traffic. For LAA, licensed band PCell is not used for DL traffic. The left and right plots correspond to DL and UL user results, respectively.
For dynamic threshold adaptation, the main motivation was to be able to optimize performance when dynamic power control is used so that when an eNB reduces its power which consequently causes lower interference to other coexisting nodes, it can use a commensurately higher energy detection threshold. Such adaptation can help to serve users that are close to the eNB with lower transmit powers without affecting coexistence with other nodes operating on the same carrier in unlicensed spectrum.

Other Aspects for Consideration
The agreement from RAN1#82 listed many other factors that should be taken into consideration before identifying a rule for energy detection threshold adaptation. With a goal of keeping the identified adaptation rule as simple as possible, it would be better to focus on the most important factors. One of these listed factors is ambient noise floor. This is an extremely important factor that must be taken into consideration for the following reasons. Unlicensed spectrum can be very noisy. For instance, field measurements in some environments have shown that the measured noise in the 5 GHz unlicensed spectrum can be as high as -88 dBm on average with the noise floor potentially being even higher for some periods. Measurements taken in a real environment are shown in Figure 2 for both the 2.4 GHz and 5 GHz unlicensed bands.
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[bookmark: _Ref430980169]Figure 2: Noise floor measurements in a real environment at 2.4 and 5 GHz
[bookmark: _GoBack]The figures show that the noise is significantly higher than the theoretical noise floor of -101 dBm for a 20 MHz channel. Considering the SINR requirement, noise figure and margin for fading, a Wi-Fi AP effectively adjusts its preamble detection threshold depending on the noise floor so that higher noise floors lead to a higher detection threshold than -82 dBm. If this is not done, the Wi-Fi AP would clearly not be able to operate in the 2.4 GHz band, for instance, in the real environment for which measurements are shown above. This is quite crucial for robust operation in unlicensed spectrum due to the wide variability in noise in various environments. Without such adaptability, an LAA node could in the worst case simply be rendered inoperable or suffer from extremely poor performance. Hence, some measure of the noise floor should be incorporated into the energy detection threshold adaptation rule. 
Considering that the noise figure of the receiver depends on the design of the specific receiver, it would be best to incorporate verification of the correct measurement of the noise floor into the test that will be developed in RAN4 for the correct setting of the energy detection threshold. Testing the energy detection threshold has already been briefly discussed in RAN4 which is awaiting input from RAN1 on LBT procedures and parameters before further test definition can be done. 
The testing procedure for noise floor adaptation could be incorporated into an energy detection threshold test, that tests whether an LAA eNB is correctly detecting energy at X dBm, as follows. The test equipment injects an interfering signal intermittently into the device under test at various levels above and below X dBm in a clean environment where the noise floor is at or near the theoretical limit of -101 dBm for a 20 MHz channel. By recording at which received levels and at what times the device under test is transmitting, the implementation of the energy detection threshold at X dBm can be verified. Then, some additional external noise at a level of Y dBm above the theoretical limit is injected into the test equipment in addition to the above interfering signal for testing the energy detection threshold. This noise is not intermittent and is constantly present as opposed to the interfering signal. By once again recording which received levels and at what times the device under test is transmitting, the implementation of the energy detection threshold at X+Y dBm, adapted to the increase in the ambient noise floor by Y dBm, can be verified, 

Rules for Energy Detection Threshold Adaptation
Taking all of the considerations outlined in the previous sections into account, we propose the following rule for adaptation of the energy detection threshold T.
First we define the maximum energy detection threshold with no adaptation, Tmax, as follows
Tmax = -75 dBm/MHz, if PH ≥ 23 dBm,
Tmax = -73 + (23 - PH) dBm/MHz, if PH < 23 dBm,
where PH is the maximum transmit power.
We next define the increase in the noise floor, Ni, as follows
NI = max(0, Nmeas + 174 - 10*log10(BW)),
where Nmeas is the measured ambient noise floor on the carrier and BW is the operating carrier bandwidth in Hz.
With these definitions, we now propose the following rule for adaptation of the energy detection threshold:
If an LAA eNB is deployed in an indoor or hybrid indoor/outdoor environment and transmissions from Wi-Fi nodes are ongoing, and alternate means that ensure LAA co-existence with other RATs including Wi-Fi are not in use, the eNB shall set its energy detection threshold T for an LBT procedure leading to the transmission of a transmission burst as follows
T = min(Tmax, Tmax – 10 + (PH – PTX) + Ni),
where PTX is the maximum transmit power within the transmission burst. 
Thus, for a 20 MHz channel, with an eNB using a maximum transmit power of 23 dBm, the threshold, T = -62 dBm. When the node is operating indoor, Wi-Fi transmissions are ongoing, there is no increase in the measured noise floor and the maximum transmit power within the transmission burst following the LBT operation is 23 dBm, the energy detection threshold is reduced by 10 dB to T = -72 dBm. If the maximum transmit power within the transmission burst is reduced by 3 dB to 20 dBm, then the threshold may be correspondingly increased to T = -69 dB. If the maximum transmit power within the transmission burst remains at 23 dBm and there is an increase in the measured noise floor of 5 dB, then the threshold may be correspondingly increased to T = -67 dB. 
The above rule may be captured in the following proposal.
Proposal: Identify the following rule for energy detection threshold adaptation in LAA.
· If an LAA eNB is deployed in an indoor or hybrid indoor/outdoor environment and transmissions from Wi-Fi nodes are ongoing, and alternate means that ensure LAA co-existence with other RATs including Wi-Fi are not in use, the eNB shall set its energy detection threshold T for an LBT procedure leading to the transmission of a transmission burst as follows
T = min(Tmax, Tmax – 10 + (PH – PTX) + Ni),
where 
· PTX is the maximum transmit power within the transmission burst
· where PH is the maximum transmit power
· NI = max(0, Nmeas + 174 - 10*log10(BW)), where Nmeas is the measured ambient noise floor on the carrier and BW is the operating carrier bandwidth in Hz 
· Tmax = -75 dBm/MHz, if PH ≥ 23 dBm, and Tmax = -73 + (23 - PH) dBm/MHz, if PH < 23 dBm.

As discussed earlier, RAN4 will define a test for the identified energy detection adaptation rule. In order to facilitate this work in a timely manner, RAN4 should be sent an LS from RAN1 informing them of the above agreement along with any other agreements related to LBT procedures from this meeting. 
Proposal: Include the identified energy detection threshold adaptation rule in an LS to RAN4 informing them of RAN1 agreements relevant to RAN4. 
Conclusions
This contribution discussed the adaptation of the energy detection threshold as per the agreement in RAN1#82. The following was proposed.
Proposal: Identify the following rule for energy detection threshold adaptation in LAA.
· If an LAA eNB is deployed in an indoor or hybrid indoor/outdoor environment and transmissions from Wi-Fi nodes are ongoing, and alternate means that ensure LAA co-existence with other RATs including Wi-Fi are not in use, the eNB shall set its energy detection threshold T for an LBT procedure leading to the transmission of a transmission burst as follows
T = min(Tmax, Tmax – 10 + (PH – PTX) + Ni),
where 
· PTX is the maximum transmit power within the transmission burst
· where PH is the maximum transmit power
· NI = max(0, Nmeas + 174 - 10*log10(BW)), where Nmeas is the measured ambient noise floor on the carrier and BW is the operating carrier bandwidth in Hz 
· Tmax = -75 dBm/MHz, if PH ≥ 23 dBm, and Tmax = -73 + (23 - PH) dBm/MHz, if PH < 23 dBm.

Proposal: Include the identified energy detection threshold adaptation rule in an LS to RAN4 informing them of RAN1 agreements relevant to RAN4.
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