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1 Introduction

Note: This document is a revised version of R2-111284. Changes are highlighted.

LTE and BT earphone has been identified in [1] as an important coexistence use case. For voice, BT uses the enhanced synchronous connection oriented (eSCO) mode. In [2], we explained the need to have short term TDM support for BT eSCO coexistence with LTE, in particular because role switch based solutions do not work for the case of car audio or LTE-FDD. In [3], LTE and BT time-lines were presented for a specific offset and the LTE denial rate was illustrated. In this paper, we describe a procedure for autonomous denials for any offset and show the performance achieved over all frame offsets. 
2 LTE denials for BT voice 
As explained in [3], the most used configuration in practice for  BT voice is enhanced Synchronous Connection Oriented (eSCO) mode with a 6 slot interval of total length 3.75msec, and the number of packet transmissions set to three. If the packet is not delivered over an eSCO interval, it is dropped and a new one is transmitted in the next interval. We consider the case where BT terminal is the slave and hence, has no control on its offset from the LTE time-line. In addition, we consider the case where LTE is carrying full-buffer traffic, so all DL and UL subframes are considered to be occupied. As discussed in [4], the model of LTE full-buffer with BT eSCO is important for use cases such as video calling or simultaneous voice & LTE data.  
The scenario described in [3] for  LTE in Band 40 (TDD, Configuration 1) and BT slave for a particular timing offset is reproduced below in Figure 1. In order to provide at least one Tx and one Rx opportunity per eSCO interval for BT, some LTE subframes need to be denied. The impact to LTE can be minimized by carefully selecting the denied subframes. In the figure shown, 2 out of 9 DL subframes and 1 out of 6 UL subframes are denied, leading to 22.2% DL subframe error rate and 16.7% UL subframe error rate. 
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Figure 1: LTE in Band 40 with BT Slave
To generalize this approach to any offset between LTE and BT, the following procedure can be used. For the given offset and for each eSCO interval, identify the Rx/Tx slot pair that results in the least number of LTE subframes being denied. For BT slave and the 6 slot eSCO configuration, there are only five possible Rx/Tx slot pairs that result in an eSCO packet being successful to and from the device. The five eSCO sequences are shown in Figure 2. The sequences to the left correspond to the case where the first transmit slot (which is reserved) is successful. For the remaining Tx slots, the Slave needs to have a successful Rx slot immediately before the Tx slot, so it can confirm that the Master has addressed this Slave. The resulting sequences are shown to the right in Figure 2.
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Figure 2: Possible eSCO Rx/Tx slot pairs for BT slave

Based on the current offset, we can compute the number of LTE UL and DL subframes that need to be denied to allow each of the five eSCO sequences. The sequence that results in the least number of total subframes denied (or a weighted combination of LTE UL and DL subframes) can be chosen and the corresponding subframes denied. Since the phase of the eSCO intervals with respect to LTE subframes repeats after 4 eSCO intervals, the eSCO sequence selection needs to be done only 4 times for a given offset.

This procedure guarantees at least one Rx and one Tx opportunity for BT while minimizing the number of LTE subframes denied. It can also be applied to Band 7 (for both Master and Slave), where only LTE UL subframes need to be denied, and a similar approach could be used for other LTE configurations as well. 
With the above procedure, the LTE denial rates were simulated across all frame offsets for both Band 40 and Band 7. The average denial rates for Band 40 (configuration 1) and Band 7 are as shown in Table 1 below. Average denial rates for other LTE configurations are shown in Appendix I.   
Table 1: LTE Denial Rates averaged across offsets

	LTE Band
	BT Mode
	LTE UL denial (%)
	LTE DL denial (%)

	B40
	Slave
	1
	26

	B7
	Slave
	27
	0

	B7
	Master
	27
	0


The distribution of the denial rates would be also be of interest in general, since the offset could stay relatively fixed if the BT clock error relative to LTE is small and these are shown in Figure 3. It can be seen that the sum of the UL and DL denial rates does not exceed 33% for Band 40, while there is no spread around 27%  for Band 7. For Band 40, there are a set of offsets where there is no LTE denial – these correspond to offsets where the BT Rx/Tx overlap with LTE Rx/Tx respectively, and this is possible for a range of offsets since the BT events are assumed to occupy only 420 us within each 625 us slot. For Band 7, BT Tx can always be allowed, hence the chosen eSCO sequence is the one where the Rx slot has interference from the least number of Tx subframes. The results show that, for any offset in Band 7, it is possible to find an Rx slot in each of the four eSCO intervals that has interference from only one of the LTE Tx subframes. Consequently, the denial rate is only 4 Tx subframes out of 15, which corresponds to the denial rate of about 27%
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Figure 3: Histograms of LTE denial rates
Thus, in all cases above, the average denial rate over UL and DL together is about 27%. However, further measures are needed to limit the corresponding throughout loss. Specifically, if the eNB is informed about the intended denials, e.g. through feedback from the UE, the eNB can ensure that the rate loops do not reduce the rate due to these denials. Alternatively, the eNB with knowledge of the BT configuration (i.e. knowledge that the UE is using BT in eSCO mode) may be able to learn about the denials on its own given that the denial patterns will be periodic for a given offset. The eNB can then avoid reacting to these denials for rate prediction. 
With such measures in place, autonomous denials can allow for a flexible and efficient way to support BT voice. In particular, autonomous denials allow the UE to react to the actual interference based on the instantaneous Tx power and RSSI of the aggressor and victim, respectively, as well as the BT channel and LTE allocation.  For example, in Figure 1, LTE can try to decode the denied DL sub-frames and depending on the instantaneous interference seen from BT in these sub-frames, the decoding may be successful. Similarly, for Band 7, if one of the BT Rx slots in an eSCO interval is decoded successfully in spite of LTE transmissions, it would not be necessary to deny a later LTE transmission. Hence, the denial rates of 27% could be pessimistic for an actual interference scenario. Alternative schemes, such as removal of HARQ processes at eNB, would not benefit from such opportunistic receptions on a short time scale. 
On the other hand, autonomous denials on the UL would also lead to denial of ACKs for DL packets, and denials on the DL would lead to denial of grants and ACKs for the UL packets. For Band 7, Since there is no interference to the DL that can impact UL grants/ACKs, the UL denial rate of 27% should also translate to a throughput loss of about 27% on the UL. However, this 27% denial rate would also lead to a loss of 27% of the DL ACKs and hence, a throughput loss of about 27% on the DL as well. Thus, in terms of throughput loss, we may expect a loss of 27% on both links. For Band 40, the denials are pre-dominantly on the DL. The middle DL subframe in Figure 1 does not carry any grants/ACKS, but if the other two DL subframe are denied, it would lead to UL throughput loss as well.  The simulations indicate that the middle DL subframe is denied for only 20% of the eSCO intervals over all offsets. If we assume that the remaining 80% of the denials result in twice the UL throughput loss (due to both grant and ACK being lost), the UL throughput loss is about 1.6 times the DL denial rate of 26%. Hence, the UL throughput loss is about 41.6%. 

Finally, autonomous denials would lead to loss of network capacity since the resources are denied after they have been assigned to this UE and cannot be re-assigned to other users. Thus, while autonomous denials can lead to potentially lesser loss in peak throughput (compared to the schemed considered in [4]), there is an additional loss in network capacity. 

The above factors should be considered when comparing autonomous denials to alternate schemes.
Proposal 1: To support the BT voice case, schemes based on autonomous LTE denials can be considered and compared with other schemes based on eNB scheduler modifications.  
3 Conclusion

In this paper, we showed how autonomous LTE denials can be used to support the BT voice case while minimizing the LTE denial rate. We also provided representative results for the LTE denial rate over all frame offsets, for both Band 40 and Band 7.  
Proposal 1: To support the BT voice case, schemes based on autonomous LTE denials can be considered and compared with other schemes based on eNB scheduler modifications.
4 Appendix I

The average denial rates for all LTE TDD configurations are as shown in Table 2 below, except for configuration 6 which needs further study. The average denial rate does not show much variation with the LTE configuration, especially on the DL. This is in contrast to the fraction of unused UL and DL sub-frames shown in [4]. For configurations 3 and 4 in particular, the average denial rates here are much lower than the fraction of unused UL/DL in [4], and the autonomous denial scheme would have lower throughput loss for this UE even after accounting for the UL/DL dependency. 

Table 2: Average denial rates for LTE in B40, BT slave

	LTE TDD Configuration
	LTE UL denial (%)
	LTE DL denial (%)

	0
	9
	27

	1
	1
	26

	2
	2
	26

	3
	9
	27

	4
	1
	26

	5
	2
	26


5 References

[1]. R2-105214,3GPP  TR 36.816 Ver 0.1.1
[2]. R2-106343, “Solutions for Bluetooth conversational voice”, Qualcomm  Incorporated
[3]. R2-110477, “Scenarios for LTE-ISM coexistence with LTE denial based solutions”, Qualcomm Incorporated
[4]. R2-11xxxx, “Selective HARQ based short-term gap patterns”. Qualcomm Incorporated
_1359566447.vsd
Receive (DL)


Transmit (UL)


LTE frame (5 ms = 8 BT slots)


Tx   Rx


eSCO


eSCO
(+ACK)


eSCO


eSCO
(+ACK)


eSCO


eSCO
(+ACK)


eSCO


eSCO
(+ACK)


eSCO


eSCO
(+ACK)


eSCO


eSCO
(+ACK)


eSCO


eSCO
(+ACK)


eSCO


eSCO
(+ACK)


Receive (DL)


Transmit (UL)


LTE Half-Frame length (5 ms = 8 BT slots)


Rx    Tx



_1359566448.vsd
Receive (DL)


Transmit (UL)


LTE frame (5 ms = 8 BT slots)


Tx   Rx


eSCO


eSCO
(+ACK)


eSCO


eSCO
(+ACK)


eSCO


eSCO
(+ACK)


eSCO


eSCO
(+ACK)


eSCO


eSCO
(+ACK)


eSCO


eSCO
(+ACK)


eSCO


eSCO
(+ACK)


eSCO


eSCO
(+ACK)


Rx    Tx


Rx    Tx



