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1
Introduction
This document discusses the in-device coexistence interference use scenarios, and the availability and usefulness of the different solution directions in these use scenarios.
2
Overview of current coexistence solution proposals
The draft TR 36.816 [1] lists the following solution directions:

Move LTE Signal away from ISM Band – This FDM solution may be very effective from interference mitigation point of view, as many of the interference mechanisms are quite frequency selective and there are LTE frequency bands specified on a wide range. The mechanisms to achieve this LTE channel switching have been quite thoroughly discussed, and the general preference seems to be that a report or LTE measurements should be used (and no UE autonomous measures such as RLF). The procedure is likely somewhat cumbersome taking into account the need of signalling from UE to eNB, possible measurement configuration, etc. Further, the solution may not be always possible because the LTE operator may not have suitable other frequencies; also moving the UE’s on unoptimal frequencies from LTE point of view may degrade the overall system performance and spectrum efficiency, and lead to underutilization of the problematic frequencies.

Move ISM Radio Signal away from LTE Frequency Band – This FDM solution may be easily accessible for the UE in case of interference, as it does not involve the LTE network. However as pointed out in the interference studies (e.g. those annexed in [1]), in some cases the complete ISM band is suffering from interference and this solution direction will be useless.
LTE Power Control – The amount of interference from LTE transmitter to ISM or GNSS receiver can be mitigated by using lower output power in LTE. To achieve the same data rate for uplink as with the higher power, more resource blocks or TTI’s must be used. Based on the interference studies, we expect the availability of this solution to be rather minimal, as in many cases the RF desense can be seen to be in the order of tens of dB (requiring a significant reduction in LTE output power to be mitigated). Thus in the context of this document, this solution direction is not considered.
ISM Power Control – Also the ISM radios can transmit at a lower output power if LTE DL is suffering from interference. This would reduce the reliability of the ISM radio link, especially if at the same time constrained by the LTE uplink transmissions. Thus, in the context of this document, this solution direction is not considered.
DRX-based TDM solution – Here the DRX pattern is characterized by a scheduling period and an unscheduled period. During the scheduling period both UL and DL transmissions are possible; during the unscheduled period LTE activity should be low. It is up to the eNB to decide what DRX parameters (for period) are used, and the UE may for example indicate suitable periodicity and activity level. Obviously the LTE throughput is reduced from maximum allocation, and there is an impact to the latency due to the unscheduled period.

HARQ process reservation based TDM solution – In this solution direction, some of the LTE sub-frames are used for coexistence (no LTE resources) and the remaining ones are reserved for the LTE HARQ processes and may carry data. For the UE to be aware of the unused DL sub-frames, this needs to be signalled from the eNB, i.e. an indication may be necessary from the UE before the solution is taken into use. A significant latency penalty is not expected but there is impact to the throughput because of not all LTE TTI’s cannot be used.

UE autonomous LTE denial – Another solution direction for TDM. There are two scenarios considered. First, the UE may infrequently deny LTE resources (typically uplink) in order to guarantee some critical, short ISM operations during connection establishment or beacon reception, for instance. Another scenario is that the LTE resources are denied during stable operation. This solution direction has the benefit of being quick and not burdening the network with signalling overhead, though obviously the loss of granted resources might be high so within this contribution, we only suggest to use the denial when critical non-LTE operations must be guaranteed.

All of these solutions assume radio module coordination within the UE. This is also expected in the following discussion. If the ISM is causing interference to LTE DL, the central coordination can block ISM activity whenever LTE DL is active (or at least when more critical LTE DL activities are done). If the ISM reception is being interfered, the ISM radio will likely detect this using its native means or recover with regular re-transmission schemes.
3
Life-cycle of in-device interference
This section discusses how the in-device interference may appear in the UE, and how the UE is able to deal with the situation in the Use Scenarios listed in the draft TR 36.816.

3.1
LTE + BT earphone (VoIP service)
BT connection establishment and link keeping (idle)
Typical BT headsets connect to the UE and have an idle link with occasional control message exchange whenever there is no voice traffic. We expect the BT connection establishment to be quite rare an occasion, so is likely to succeed even if there is interference from LTE to BT. If there is heavy LTE traffic during the procedure, or BT transmissions are also constrained by LTE DL reception, it might be useful to deny some LTE resources autonomously in the UE, but signalling coexistence interference to the eNB seems like a rather heavy operation.

We expect the idle BT link keeping to be rather lightweight. Typically once connected, but without the need to transfer data, the BT link is put into sniff mode. Depending on the sniff parameters, there is an exchange of poll packets e.g. once a second. If the transaction is unsuccessful, regular re-transmission scheme is used. In case BT link is in danger of failure, some critical operations might benefit from autonomous LTE resource denial in the UE, but the need for a coexistence interference indication to eNB for the sake of link keeping purposes seems unnecessary. Timeout for BT link supervision is typically 20 seconds.

Interference conditions & detection
The interference direction may be from LTE to BT, or from BT to LTE, or both. The interference conditions can be triggered by one of the two possibilities:

· either the VoIP service is activated, triggering also the BT eSCO voice link, or

· the ongoing LTE service is handed over to a frequency that has problems with the BT voice link.

In the first case, it may be possible to estimate or measure the amount of RF interference already during the link keeping phase using coordination between the radio modules within the UE. In the second case, it may be more difficult to estimate the interference, because the ongoing LTE service does not interfere with the BT.

Actual link performance of LTE and BT is not known until the VoIP service has been activated, because in addition to the amount of RF interference, this also depends on the LTE resource allocation, BT eSCO link timing offset, etc. Unacceptable link performance for BT in this use scenario is quite clear: as soon as the successfully transmitted and received BT voice packets drops below a certain threshold, voice quality becomes unacceptably poor. At least the BT link problems will have to be detected in an UE implementation dependent manner.
The interference stops as soon as the VoIP service is deactivated, or LTE is handed over to a non-problematic frequency.
UE interference avoidance measures
· BT may be able to operate with native frequency hopping and re-transmission mechanisms as long as LTE activity is not high;

· If the UE does suffer from interference once VoIP service is active, the BT link may be able to utilize adaptive frequency hopping (AFH) and adjust its useable channels rather quickly (“Move ISM radio signal away from LTE”); this may also be done during the link keeping phase;

· If other measures are not enough, the UE may autonomously deny LTE resources, though we believe this would lead to unacceptably high LTE error rate and re-transmissions during steady operation;

· The UE may resort to LTE network assisted solutions.

Triggers
Reactive trigger indication availability to eNB:

· Available when LTE is on a problematic frequency, VoIP service and BT eSCO are active, and one or both are not functioning well enough;

· Not available when LTE is on a non-problematic frequency (only once LTE handed over to a problematic frequency);

· Not available during the initial BT connection establishment or BT idle / link keeping phase (no significant interference can be observed as there is no link data, and BT activity is very low).
Potential scenarios for proactive trigger indication to eNB:

· Possibly already during BT connection establishment or link keeping phase;

· Possibly as soon as VoIP service is activated or BT eSCO link gets traffic;

· Possibly when current transmit power levels are not interfering, but UE is e.g. moving towards cell edge and the LTE output power is being increased over the interference threshold;

· Possibly when LTE operates on a non-problematic frequency, and potentially problematic frequencies are reported.
LTE solution possibilities during steady operation (eNB measures)
· The eNB may hand the LTE service over to a non-interfering frequency;
· The eNB may define a suitable HARQ pattern and deliver to the UE the unscheduled TTI’s, and the BT eSCO link uses the unscheduled TTI’s;

· Because the BT eSCO voice link has very short periodicity (3.75 ms in the worst case), we don’t expect the DRX-based solution with relatively long scheduled period (compared to the BT eSCO period) to be possible in this use scenario.
3.2
LTE + BT earphone (Multimedia service)
BT connection establishment and link keeping (idle)
For BT connection establishment and idle link keeping the same assumptions hold as for the VoIP service case. In addition, the BT stereo audio may be active without significant LTE traffic, if the user is e.g. listening to music stored in the UE locally. Because the stereo audio link is best effort and does not need 100% duty cycle, and because the LTE traffic is rather low, there should be no impact to the BT audio quality. Therefore no UE coexistence signalling to the eNB is necessary.

Interference conditions & detection
Once the LTE streaming starts, there may be significant interference from LTE to BT, and also interference from BT to LTE. Similar behaviour as in the VoIP service case is expected. The same discussion applies for reactive/proactive interference report triggering.

LTE solution possibilities during steady operation (eNB measures)
· The eNB may hand the LTE service over to a non-interfering frequency;

· The eNB may define a suitable HARQ pattern and deliver to the UE the unscheduled TTI’s;

· The eNB may configure a DRX cycle with short enough scheduled period (to satisfy BT latency requirements) and long enough unscheduled period (to satisfy BT throughput requirements).

3.3
LTE + WiFi portable router
WiFi connection establishment
In this use case, a WiFi access point (AP) is activated in the UE. With coordination within the UE, the WiFi network can be established on a channel least interfered by the LTE (on its current frequency). Once active, the WiFi AP broadcasts beacons with a specific beacon period and is expected to listen for the channel for any associating devices.

Interference conditions & detection
There may be interference from LTE UL to WiFi, from WiFi to LTE DL, or both. As long as the LTE activity is low (i.e. no significant traffic), the WiFi may operate in rather interference-free manner, especially since in this case also the WiFi traffic should be low. Note that while the beacon period is fixed, if the AP does not get access to the channel, it just defers the transmission until it has a free channel.

The interference conditions can be triggered in two conditions:

· Any increase in LTE or WiFi traffic also increases the other, so once there is actual data service, the interference may become significant;

· LTE is handed over to a problematic frequency during active data service.
In the first case, it may be possible to estimate or measure the amount of RF interference already during the (mostly) inactive phase using coordination between the radio modules within the UE. In the case of LTE handover to a problematic frequency, it may be more difficult to estimate the amount of interference beforehand, because the ongoing LTE service does not interfere with WiFi.

Actual link performance of LTE and WiFi may be difficult to know until there is real traffic, even if RF interference can be detected during the mostly inactive phase. If there is RF interference, the combined capacity of time-multiplexed LTE and WiFi may be possible to calculate, but it depends on the LTE resource allocation, WiFi channel congestion, etc. With WiFi operating in portable router mode in a best effort manner, it may also be difficult to determine any threshold for poor performance due to interference; at least the WiFi problems will have to be determined in an UE implementation dependent manner.
The conditions for significant interference may end if activity in LTE or WiFi drop, or LTE is handed over to a non-problematic frequency.

UE interference avoidance measures
· With coordination between the radio modules within the UE, LTE activity may look like regular WiFi channel activity, and the WiFi may be able to operate with native channel access and re-transmission mechanisms;

· If the UE does suffer from significant interference when there is data traffic, it may try to switch WiFi to use a different non-interfered channel (“Move ISM radio signal away from LTE”), especially if LTE is handed over from a non-interfering frequency to a problematic frequency;

· If no non-interfered WiFi channels are available, the UE may autonomously deny LTE resources, though we believe this would lead to unacceptably high LTE error rate and re-transmissions during steady operation if there is significant WiFi traffic;

· The UE may resort to LTE network assisted solutions.

Triggers
Reactive trigger indication availability to eNB:

· Available when LTE is on a problematic frequency, there is significant data traffic in LTE and WiFi, and one or both radio links are not functioning well enough (UE measures or determines unacceptably high data losses);

· Not available when LTE is on a non-problematic frequency (only once LTE handed over to a problematic frequency);

· Not available during the WiFi setup phase or without significant traffic (no significant interference can be observed as LTE/WiFi activity is low).

Potential scenarios for proactive trigger indication to eNB:

· Possibly already during WiFi AP setup phase or when a device associates with the AP;

· Possibly when current transmit power levels are not interfering, but UE is e.g. moving towards cell edge and the LTE output power is being increased over the interference threshold;

· Possibly when LTE operates on a non-problematic frequency, and potentially problematic frequencies are reported.

LTE solution possibilities during steady operation (eNB measures)
· The eNB may hand the LTE service over to a non-interfering frequency;

· The eNB may define a suitable HARQ pattern and deliver to the UE the unscheduled TTI’s, and the WiFi then uses the unscheduled TTI’s;
· The eNB may configure a DRX cycle with short enough scheduled period (to satisfy WiFi latency requirements) and long enough unscheduled period (to satisfy WiFi throughput requirements).
3.4
LTE + WiFi offload
WiFi access point search and connection establishment
In this use case, the UE moves to an area with a WiFi AP suitable for data offloading. Normally, the AP is detected by receiving its beacon transmission. If there is heavy LTE uplink traffic, and the AP operates on an interfered frequency, beacon reception might be problematic. Moreover, since the UE does not know about the AP, indicating an interference problem does not seem to be possible. Eventually, the AP should still be found, and the UE’s WiFi modem can associate to it. The connection establishment is not expected to be a heavy operation, and there are no strict latency requirements, so is likely to succeed.

Interference conditions & detection
Once associated to the AP, mobile WiFi stations typically go into power save mode, and wake up periodically to receive the beacons. The beacons, in addition to the general network information, carry information about any buffered data for the stations that are sleeping between the beacons. The station may then poll the AP, and receive the buffered data, and again go to sleep. Missing a beacon every now and then is not a problem, but missing many successive beacons and failing to poll the buffered data from the AP will lead to the station being dropped from the WiFi network.

There may be interference from LTE UL to WiFi, from WiFi to LTE DL, or both. The interference can occur in the following ways:

· If LTE is on a problematic frequency, WiFi AP search might be problematic;

· If LTE is on a problematic frequency, receiving the beacons may be problematic once associated to the WiFi network;

· If LTE is on a problematic frequency, and both LTE and WiFi have high traffic load, there may be significant interference; however, any increase in one radio system traffic should result in reduced throughput in the other due to offloading scenario;

· LTE is handed over to a problematic frequency during active data service.

In cases where LTE is on a problematic frequency, it may be possible to estimate or measure the amount of RF interference using coordination between the radio modules within the UE. In the case of LTE handover to a problematic frequency, it may be more difficult to estimate the amount of interference beforehand, because the ongoing LTE service does not interfere with WiFi.

Actual link performance of LTE and WiFi may be difficult to know until there is real traffic, even if RF interference can be detected during the mostly inactive phase. If there is RF interference, the combined capacity of time-multiplexed LTE and WiFi may be possible to calculate, but it depends on the LTE resource allocation, WiFi channel congestion, etc. For the WiFi, which operates in a best effort manner, it may be difficult to determine any threshold for poor performance due to interference; at least the WiFi problems will have to be determined in an UE implementation dependent manner.

The conditions for significant interference may end if activity in LTE or WiFi drop, or LTE is handed over to a non-problematic frequency.

UE interference avoidance measures
· With coordination between the radio modules within the UE, LTE activity may look like regular WiFi channel activity, and the WiFi may be able to operate with native channel access and re-transmission mechanisms;

· If the WiFi reception suffers from significant interference during AP search, the UE may autonomously deny LTE UL resources, but due to long (e.g. 102.4 ms) WiFi beacon period the denial period would also have to be rather long;

· If the WiFi suffers from significant interference once associated to an AP, the UE may autonomously deny LTE UL resources to enable successful beacon reception; this should be rather infrequent and short event, as not all beacons have to be received;

· The UE may resort to LTE network assisted solutions.

Triggers
Reactive trigger indication availability to eNB:

· Available when LTE is on a problematic frequency, there is significant data traffic in LTE and WiFi, and one or both radio links are not functioning well enough (UE measures or determines unacceptably high data losses);

· May be available when LTE is on a problematic frequency, and WiFi beacon reception is not possible because of simultaneous LTE UL transmissions (UE determines risk of WiFi disconnection);

· Not available when LTE is on a non-problematic frequency (only once LTE handed over to a problematic frequency);

· Not available during the WiFi setup phase or without significant traffic (no significant interference can be observed as LTE/WiFi activity is low).

Potential scenarios for proactive trigger indication to eNB:

· Possibly already during WiFi AP search or association phase;

· Possibly when current transmit power levels are not interfering, but UE is e.g. moving towards cell edge and the LTE output power is being increased over the interference threshold;

· Possibly when LTE operates on a non-problematic frequency, and potentially problematic frequencies are reported.

LTE solution possibilities during steady operation (eNB measures)
· The eNB may hand the LTE service over to a non-interfering frequency;

· The eNB may define a suitable HARQ pattern and deliver to the UE the unscheduled TTI’s, and the WiFi then uses the unscheduled TTI’s;

· The eNB may configure a DRX cycle with short enough scheduled period (to satisfy WiFi latency requirements) and long enough unscheduled period (to satisfy WiFi throughput requirements).

3.5
LTE + GNSS Receiver
Interference conditions and detection
As discussed in [2], the GNSS receiver needs a relatively long (in the order of seconds) time for searching the satellite signals. If LTE is interfering the receiver significantly, the search might fail even in strong satellite signal conditions. Therefore we expect that the signal search should be protected by LTE network means in case there is interference from LTE to GNSS.
In case the GNSS receiver suffers from interference, the central controller within the UE may blank the receiver during LTE UL transmit sub-frames, but the amount of uplink transmissions should be kept to a certain level during the GNSS receiver operation, as discussed in [1].
Triggers
Reactive trigger indication availability to eNB:

· Available when LTE is on a problematic frequency, there is significant data traffic in LTE, and GNSS receiver suffers from interference (UE measures or determines unacceptably high interference);

· Not available when LTE is on a problematic frequency but there is no significant traffic in LTE (UE cannot measure or determine high interference);

· Not available when LTE is on a non-problematic frequency (only once LTE handed over to a problematic frequency).

Potential scenarios for proactive trigger indication to eNB:

· Possibly when the satellite receiver begins signal search.

 LTE solution possibilities during steady operation (eNB measures)
· The eNB may hand the LTE service over to a non-interfering frequency;

· The eNB may define a suitable HARQ pattern and deliver to the UE the unscheduled TTI’s, and the GNSS receiver then uses the unscheduled TTI’s;

· The eNB may configure a DRX cycle with short enough scheduled period (significantly less than GNSS signal bit period) and long enough unscheduled period (for GNSS receiver to gather enough signal energy).

4
Conclusion
Based on the discussion in this document, we propose the following:
Proposal 1: Proactive triggers should be allowed, because reactive trigger availability is a problem in many of the use scenarios.
References

[1] 3GPP TR 36.816, Signalling and procedure for in-device coexistence interference avoidance
[2] R2-110848, Use scenarios and TDM considerations for GNSS coexistence, Nokia Corporation, Nokia Siemens Networks
