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Introduction
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]LTE and BT earphone has been identified in [1] as an important coexistence use case (Scenario 1). For voice, BT uses the enhanced synchronous connection oriented (eSCO) mode. In this contribution, we focus on the case where simultaneous operation of LTE and eSCO is not possible so that we need to share time resources in between. We present some difficulties in supporting time sharing (TS) as well as some pointers to potential solutions.
LTE BT eSCO Timelines
The time allocated to deliver a packet in an eSCO mode is called eSCO interval. For a given eSCO interval BT defines a number of transmissions of the same packet. We consider here, as shown in Figure 2‑1, the most used configuration in practice where eSCO interval is set to 6 slots, i.e.3.75msec, and the number of packet transmissions to three. If BT is master, the eSCO interval starts first with a transmit slot followed by a receive one. If BT is a slave, the interval starts with a receive slot followed by a transmit one. If the packet is not delivered over an eSCO interval, it is dropped and a new one is transmitted in the next interval. That clearly puts a strong time constraint on LTE if TS is considered.


[bookmark: _Ref273345301]Figure 2‑1: eSCO interval of 6 slots, each 625usec

If BT on terminal is master, we can control the local clock to align eSCO and LTE time lines. This is primarily useful in TDD LTE where as shown in Figure 2‑2, time alignment allows a clean from interference BT Tx/Rx pair[footnoteRef:1]  every eSCO interval.[footnoteRef:2]  [1:  Only one Tx/Rx pair clean from interference may not be enough for BT voice support considering the potential link errors. However, for simplicity, we assume in this document one Tx/Rx pair to be enough]  [2:  Note that simultaneous transmission or reception of both technologies is assumed to be interference free] 

[bookmark: _Ref273347128]Figure 2‑2: BT eSCO master and TDD LTE time alignment
If BT on terminal is slave, it has no control on its time line (as that is controlled by the remote master device) and hence, depending on the offset (between LTE and eSCO timelines) at a given point in time, there could be no clean Tx/Rx pair in a given eSCO interval as shown in Figure 2‑3. 


[bookmark: _Ref273347393]Figure 2‑3: BT eSCO slave and TDD LTE timelines
As shown in Figure 2‑4, in FDD, if LTE is transmitting for a long burst, eSCO BT can not have a clean Tx/Rx pair as all Rx slots will suffer interference. The figure shows a slave case for BT, but the conclusion is the same with a master.


[bookmark: _Ref273460020]Figure 2‑4: BT-eSCO slave and FDD LTE timelines
LTE-BT eSCO Time Sharing
If TS is needed for LTE-BT simultaneous operation, one can see that fast LTE duty cycle pattern needs to be supported by the standards. For instance, clearly in Figure 2‑3, if eNB can create a pattern where LTE is in normal operation for 2 msec and silent[footnoteRef:3] for 2msec, then regardless of BT timeline offset with respect to LTE, BT eSCO can fit in three slots when LTE is silent and have a clean Tx/Rx pair. If the terminal periodically has a say in what offset (in sub-frames) to have, other LTE Normal-Silent patterns, with less overhead, could also be possible. [3:  By silent here we mean that LTE doesn’t have to transmit any UL data or control neither it has to receive an DL data or control] 

The required fast duty cycle by eNB may be hard to support since it can break HARQ timeline. For DL traffic, the scheduler can get around that, since HARQ is asynchronous, by always finding a pair where the DL grant and its ACK are allowed by the LTE ON-OFF pattern. In UL that is not necessarily possible as shown in Figure 3‑1 for a configuration 1 TDD scenario (similar argument is applicable to FDD). We show the allowed four phases for UL grants and PUSCH transmission. As shown in the figure, for this given LTE pattern and offset, the blue and yellow phases are always broken. The red and purple phases are ok for odd HARQ transmissions and are broken for even HARQ transmissions. Whether in DL or UL, in addition to scheduler complexity, the fact that some of the HARQ phases will not be feasible may lead to a loss in throughput that is more than the expected 50% by the pattern.
We note that some smart patterns may be able to get around the throughput loss (beyond 50%). However, that needs to be looked at carefully for FDD and all TDD configurations and would inevitably complicate eNB scheduler. In addition, depending on BT link error, it may be needed to dynamically support more than one Tx/Rx pair complicating the matter further.  


[bookmark: _Ref273720921]Figure 3‑1: LTE ON-OFF pattern of 2 msec and the impact on UL traffic 
Now, if the fast duty cycle are not to be supported, the alternative for the terminal is to stop LTE transmissions to protect a BT Rx slot or compromise an LTE reception to allow a BT Tx slot. This behaviour, without the knowledge of eNB, may lead to a process where the rate control loop in eNB continues to drop LTE MCS until the minimum is reached; we denote that by Rate loop instability (RLI).
In the next sections, we go through the cause of RLI and some solutions to avoid it. 
Rate Control Loop and RLI
We use a simple model to clarify the rate control loop problem that arises from UE denying Tx sub-frames or compromising Rx sub-frames. We consider a DL[footnoteRef:4] rate control loop where eNB backs off the sent UE CQI by some amount  at time , i.e. .   is then used to lookup the appropriate MCS for DL transmission. The backoff is increase by  if the DL packet is not decoded and is decreased by  if the packet is decoded. The choice of  and  is such that a particular packet error rate, , is achieved at steady state, i.e., or .  [4:  The argument is this section extends to UL rate control loop as well] 

Based on this simple model, the backoff  where  is a random variable that takes the value  with probability  and the value  with probability i.e. in normal operation scenario 
Now assume UE to compromise  of DL sub-frames by allowing BT to transmit. In this case,  will potentially take the value  with probability  and the value  with probability , and one can show that , i.e. the mean of the backoff grows with . That is, will continue to decrease with    until the minimum MCS is selected.
Potential Solutions to the Rate Control Issue
In order to support TS between LTE and BT eSCO and assuming that fast LTE ON/OFF patterns are hard to have, eNB needs to be aware of UE behaviour. In [1], a message sent by UE to eNB indicating coexistence issue is suggested. The message can also include the kind of interfering technology and its mode of operation, i.e. BT eSCO in this case. Knowing the coexistence issue on the UE side, the eNB may relax the rate control target packet error rate, to prevent RLI. The message can also contain a measure of the expected collision rate between LTE sub-frames and eSCO slots to be used to adjust the loop. 
Proposal 1: Include in the coexistence message proposed in [1] the radio type and mode of the interferer, i.e. for instance Type=BT and mode= eSCO
Option 2a: In the coexistence message proposed in [1] the percentage of collision between LTE and the interfering radio is reported by the UE. Allow this message to be sent periodically in case the relative offset between LTE and interferer change and hence the collision probability
Another alternative is for eNB to detect a UE DTx. Basically, if eNB knows that UE is having coexistence issues and detects no transmission when an ACK/NACK is expected, it shouldn’t update the DL rate control loop. Similarly, if eNB detects a DTx for an expected UL Tx sub-frame, it shouldn’t update the UL rate control loop.  We note that the need to detect DTx is already there (even without coexistence mitigation); for instance, to power control PDCCH. 
Option 2b: eNB is expected to detect DTx and accordingly update the DL/UL rate control loop.
Proposal 2: Include in the TR that either proposal 2a or proposal 2b can be used to avoid rate loop instability in case of Scenario 1.
References
[1]. R2-105214,3GPP  TR 36.816 Vol 0.1.1
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