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1. Introduction
In RAN2#71 meeting, coexistence interference scenarios, usage scenarios, coordination modes and potential solutions were discussed and captured in [1]. Both TDM and FDM were considered as potential solutions to solve in-device coexistence problem. In this contribution, we focus on TDM solutions which handle the coexistence between LTE and ISM radio (Wi-Fi and Bluetooth).
2. TDM Solutions
The essence of TDM solution is to ensure that transmission of a radio signal does not coincide with reception of another radio signal. Comparing with FDM solution, TDM solution is band-agnostic and can be applied for any deployment scenario, and is the focus of this contribution. We consider two TDM approaches in this contribution: 
· Approach 1:  reuse current mechanisms with possible modifications. The benefit of this approach is the changes to standards can be minimized. One candidate mechanism for reusing is Discontinuous Reception (DRX).
· Approach 2:  design a new mechanism which is optimized for in-device coexistence. The changes to standardizations might be larger than approach 1.
For both approaches, UE needs to provide necessary information to eNB, e.g. the ISM radio technology that is active, the time difference between the radio technologies, and possibly the desired activity ratio/limit between the radio technologies. By utilizing such reports, eNB can configure parameters accordingly.
2.1. Modified DRX

Modified DRX approach tries to reuse current DRX mechanism for in-device coexistence. From LTE Rel-8, Discontinuous Reception (DRX) mechanism was introduced for power saving. When in RRC_CONNECTED, if DRX is configured, the UE is allowed to monitor the PDCCH discontinuously; otherwise the UE monitors the PDCCH continuously. RRC controls DRX operation by configuring the parameters onDurationTimer, drx-InactivityTimer, longDRX-Cycle, drxStartOffset and optionally drxShortCycleTimer and shortDRX-Cycle. In principle, when short DRX cycle is not configured, UE needs to monitor PDCCH at the beginning (in length of onDurationTimer) of longDRX-Cycle. UE stops monitoring PDCCH after onDurationTimer if all ongoing DL and/or UL transmissions can be finished. Then UE can become inactive in the rest of DRX cycle, and eNB will not schedule any DL and/or UL transmissions.
To utilize DRX scheme, during Active Time, UE is transmitting/receiving with LTE, and ISM radio activity is turned off. In the rest of DRX cycle, ISM radio can transmit and receive.
Current DRX scheme needs some modifications for the sake of in-device coexistence. Parameter longDRX-Cycle is of particular interest here. Currently longDRX-Cycle can be only multiples of subframes, which may not match the period of ISM radio technologies well. For example, in typical configurations, Wi-Fi Beacon interval is 102.4 ms (100 TU), which is somehow challenging to coexist well by relying on current set of longDRX-Cycle values. For example, we may select longDRX-Cycle length as 512 subframes, which is four times of Beacon Interval. However such long DRX cycle may result in too coarse granularities. Another problem is that LTE activity ratio is severely impacted unless Wi-Fi is operating in power saving mode. We may choose smaller longDRX-Cycle instead, e.g. 128 subframes, but the issue now is that the Beacon position within each DRX cycle varies greatly, which makes the configuration of onDurationTimer challenging and the operation of Wi-Fi complicated. In addition, Wi-Fi Beacon Interval could be configured to values other than 100 TU, and current values of longDRX-Cycle might not be compatible with such Beacon Intervals.
To solve the above problem, hybrid DRX cycle lengths could be introduced. For example to support 102.4 ms Beacon Interval, we can introduce longDRX-Cycle values of 102 and 103 subframes. Then one super DRX cycle consists of 3 length-102 DRX cycles and 2 length-103 DRX cycles. This is illustrated in Figure 1 below.
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Figure 1: Hybrid DRX Cycles
2.2. Optimized In-Device Coexistence Approach
In this approach, UE negotiates periodic absence from eNB to support concurrent operation of ISM radios. Time pattern of such periodic absence is explicitly defined and referred as Coexistence Class.
Some terminologies are defined as below:
· Coexistence active cycle: the time interval of the active pattern of a Coexistence Class
· Coexistence active interval: the time duration of a Coexistence Class designated for co-located non-LTE radio activities.
· Coexistence start offset: the start time of a Coexistence active cycle.

Different from modified DRX approach, Coexistence active interval is explicitly defined here to clearly specify the time duration when non-LTE radio could be active. This can guarantee the available resource for non-LTE radios. 
We consider two types of Coexistence Classes below. In Type I Coexistence Class, both coexistence active cycle and active interval are defined in such a way that active interval is contiguous within the active cycle. The time unit of active cycle can be microsecond for coexistence with radio technologies whose period is not a multiple of LTE subframe. For example, for coexistence between LTE and Wi-Fi, coexistence active cycle can be configured as 102400 μs. An example of Type I Coexistence Class is shown in Figure 2 below. It shows that coexistence active cycle is 102400μs, coexistence active interval is 6 subframes, and start offset is 2 subframes (relative to SFN 0). During coexistence active interval, UE can use non-LTE radio transceivers.  
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Figure 2: An Example of Type I Coexistence Class
For Type II Coexistence Class, the coexistence active cycle and active interval are defined to allow a subset of LTE HARQ processes operating. Figure 3 below gives an example for LTE FDD. In this example, coexistence active cycle is 8 subframes while coexistence active interval consists of 4 subframes. During the rest of coexistence active cycle, 4 HARQ processes can operate within the coexistence active cycle. Take DL HARQ as an example, If DL data is transmitted in SFN#0, subframe#4, corresponding ACK/NACK can be transmitted in SFN#0, subframe #8, and DL retransmissions can be transmitted in SFN#1, subframe #2.
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Figure 3: An Example of Type II Coexistence Class
3. LTE and Wi-Fi Coexistence
In this section and the next section, we will describe how to apply the TDM solutions discussed in section 2 to Wi-Fi and Bluetooth coexistence respectively.
For Wi-Fi coexistence, according to latest TR [1], there are two usage scenarios: LTE + Wi-Fi Portable Router and LTE + Wi-Fi Offload. The former case might be easier to handle than the latter case. Since UE is acting as a Wi-Fi router, it is highly likely that UE can select Wi-Fi channels to minimize the in-device interference. For example, assuming that UE is operating on TDD Band 40, then UE can select Wi-Fi channels located in upper part of ISM band, e.g. channel 13 (note that the availability is region specific). In this way the mutual interference between LTE and Wi-Fi can be minimized. However, the preferred Wi-Fi channels may not be always available, e.g. since those channels might be congested or their availability might be region specific. In this case, TDM solutions can be applied as well, which is similar as LTE + Wi-Fi Offload case.

For LTE + Wi-Fi offload, it would be challenging for UE to inform AP to change Wi-Fi channels to minimize in-device interference. Therefore we focus on applying TDM solution in this case (note that moving LTE frequency away might be feasible, but it is out of scope of current contribution).
Before both LTE and Wi-Fi operates simultaneously, UE already acquires necessary information for TDM coexistence, for example, the time difference between LTE time reference (e.g. SFN) relative to Wi-Fi Beacon. UE can report to eNB to facilitate parameter configuration. In case of modified DRX approach, eNB can configure e.g. longDRX-Cycle to match Wi-Fi Beacon Interval (using hybrid DRX cycles if necessary), drxStartOffset to place the Wi-Fi Beacon in an appropriate position to avoid overlapping between Wi-Fi activity with LTE active time. Similarly, for Coexistence Class approach, Coexistence active cycle, active interval and start offset can be configured accordingly to satisfy the coexistence requirements.
4. LTE and Bluetooth Coexistence
Bluetooth SIG has already performed comprehensive study for the in-device coexistence between Bluetooth and cellular networks [2]. Although Bluetooth SIG has not endorsed any solutions, and the reply from Bluetooth SIG on RAN2 LS [3] was not available, from current Bluetooth SIG study, it can be seen that the coexistence between LTE TDD and Bluetooth may not be an issue. Therefore the focus of this section is on the coexistence between LTE FDD and Bluetooth. For this scenario, one solution is to design filters by utilizing the guard band (approximately 20 MHz) between ISM band and LTE band 7. However filter based solutions are expensive and out of scope of RAN2 TR, so we discuss the applicability of TDM solutions in this section.
For Bluetooth coexistence, according to latest TR [1], there are one usage scenarios: LTE + BT earphone, where Bluetooth carries either voice or audio (embedded in multimedia contents). From Bluetooth point of view, eSCO link is used in the former case while ACL link can be used in the latter case.
To coexist with Bluetooth ACL link, similar TDM approaches as discussed in section 3 can be used. To coexist with Bluetooth eSCO link, Type II Coexistence Class is more suitable since it allows LTE and BT operates with fine granularity.  
5. Conclusion
In this contribution, we presented two TDM solutions for in-device coexistence with Wi-Fi and Bluetooth. We propose that RAN2 consider these solutions for further evaluation.
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