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1 Introduction

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. The concurrent LTE and BT operation for only a voice call may not lead to a significant coexistence problem due to low duty cycle on LTE. However, it is important to consider use cases with simultaneous LTE full buffer and BT eSCO connection. This is discussed further in this contribution.

In [2], we explained the need to have short term TDM support for BT eSCO coexistence with LTE. In [6], we presented solutions and performance analysis for autonomous UE denials as a short term TDM solution that involve denial of LTE resources to enable concurrent operation of LTE and BT/WLAN. Both connection-setup and connection mode were discussed in [6]. While autonomous denial for connection-setup was widely agreed upon as an acceptable solution, there were concerns regarding the use of autonomous denial for connection mode. More results on autonomous denials for all possible timing offsets between LTE and BT are provided in [7]. An alternative to autonomous denial for connection mode involves selective use of certain HARQ processes on the downlink and uplink by the eNB. While providing gap patterns to maintain HARQ operation simplifies scheduling by the eNB, its performance needs to be discussed and compared with autonomous denials which is also done in this paper. The concept of maintaining HARQ relationships was also considered in [8] but for a specific case of BT in a Master role with frame alignment. In this paper, we consider all possible timing offsets between LTE and BT for BT as a slave.
The importance of supporting the use case of LTE Full buffer traffic and BT voice is discussed in Section 2. The use of selective HARQ process in LTE to create short-term TDM gap patterns for BT eSCO and the associated performance of LTE are then discussed in Section 3. Certain enhancements to improve the LTE throughput with HARQ gap patterns are discussed in Section 4. A comparison of HARQ gap pattern with autonomous denials is presented in Section 5.
2 LTE Fullbuffer and BT voice use case

The following are two possible scenarios where LTE has very high duty cycle or full buffer data traffic with only voice or audio on BT.
1. Video conferencing: In a video conferencing application, typically the LTE connection consists of both video and audio part of the call but the video is only displayed on the screen while the audio or voice is sent over the BT link to an earphone. In this case, the high bandwidth video will lead to a full buffer traffic on LTE whereas BT will need to support an eSCO connection.

2. Voice call with web browsing: A user may be on a voice call which is routed to BT while simultaneously browsing or transferring a file over LTE. This will also lead to LTE full buffer and BT eSCO scenario for coexistence.
The usage models for LTE in a video call and background LTE traffic with a VoIP call were also presented in [8] (Section 3.2.2) and are similar to the above mentioned scenarios.
Proposal 1: The use case of LTE Full buffer and BT voice should be added to the Technical Report [1].

3 LTE gap patterns based on HARQ
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. As discussed in Section 2, we consider LTE carrying full buffer data traffic here.

For LTE in Band 40 (TDD), if BT on terminal is master, we can control the local clock to align eSCO and LTE time lines to enable at least one clean Tx/Rx pair. However , for LTE in Band 40 and BT being a slave, BT cannot control its timing offset with respect to LTE and it is possible that there is no clean Tx/Rx pair in a given eSCO interval as shown in [3]. For LTE in FDD mode (Band 7), there may be no BT Rx slot that is interference free for either master or slave. In [6], we presented a solution based on denial of LTE resources to allow operation of BT slave with LTE in Band 40 and both BT slave and master with LTE in Band 7. As an alternative to autonomous denial, we can consider short-term gap patterns imposed by eNB to allow for clean Tx/Rx pairs for BT eSCO.

For LTE in Band 7, it is shown in [3] that a 2ms gap every 4ms enables BT eSCO operation for both master and slave. For LTE in Band 40 and BT slave, the offset between LTE and eSCO timelines is arbitrary and a gap pattern that ensures at least one clean Tx/Rx pair for any offset is shown in Figure 3‑1 for TDD Config 1. One DL and one UL subframe is suppressed which leads to a 2ms gap every 5ms. 
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Figure 3‑1: TDM pattern for all offsets 
In order to obtain at least one HARQ process on DL and UL, we can choose the HARQ processes so that the used DL and UL subframes are a subset of the available subframes in the above mentioned gap patterns. It is easy to obtain such a set of HARQ processes for LTE in Band 7 since out of the eight UL HARQ processes, we can simply pick every two alternate process and match the DL HARQ processes so that they only need UL ACKs during the used UL HARQ processes. This would lead to 50% unused resources on both DL and UL. For LTE in Band 40 and TDD Config 1, a combination of DL and UL HARQ processes leading to a subset of used subframes in Figure 3‑1 is shown in Figure 3‑2. There are two HARQ processes on both DL and UL with 10ms retransmission latency. The numerals 1' and 2’ in the downlink subframes indicate the downlink HARQ processes in the used downlink subframes.  The numerals 1 and 2 above the uplink subframes indicate the uplink HARQ processes for the used uplink subframes. The fraction of unused subframes on DL and UL are 66.67% and 50%, respectively. The unused resources may lead to a corresponding throughput loss for peak rate users.  
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Figure 3‑2: TDD Config 1
Similarly, in Figures 7‑1 to 7‑5 in the Appendix, we show the HARQ timeline for the other TDD configurations (except TDD Configuration 6), with at least one DL and UL HARQ processes in each. The number of HARQ processes and the corresponding percentage of unused resources are given in Table 3‑1. TDD Config 6 needs further investigation due to relative location of UL and DL subframes.
	TDD Configuration
	# DL HARQ used/# DL HARQ maximum
	# UL HARQ/# UL HARQ maximum
	Fraction of unused DL
	Fraction of unused UL

	0
	2/4
	2/7
	50%
	66.7%

	1
	2/7
	2/4
	66.7%
	50%

	2
	5/10
	2/2
	50%
	0%

	3
	1/9
	1/3
	85.7%
	66.7%

	4
	1/12
	1/2
	87.5%
	50%

	5
	7/15
	1/1
	56%
	0%


Table 3‑1: HARQ processes and unused resources for different TDD configurations (no offset knowledge)
Only after the UE obtains confirmation from the eNB about the used pattern, it can use the known gaps for BT activity. Otherwise, BT transmissions can interfere with LTE DL activity without knowledge of the eNB.
Proposal 2: There are HARQ based gap patterns for LTE FDD and LTE TDD Configurations 0-5 which allow for short-term TDM with BT eSCO. These patterns can be used even if the timing offset between LTE and BT is not known. 
Proposal 3: Such patterns should be explicitly specified in the standard and confirmed by eNB before UE can use the gaps.
4 Enhancement to HARQ gap patterns – Offset based selection
If the offset between LTE and BT timelines is known, it may be possible to increase the number of HARQ processes in some scenarios. As an example, consider the offset shown in Figure 4‑1with LTE in TDD Config 1. A 30ms window is considered since the pattern of HARQ processes overlapping with BT repeats after that duration. Out of the four available UL HARQ processes, only one is suppressed leading to an improved throughput compared to Figure 3‑2. Also, there are a total of 3 DL HARQ processes. The fraction of unused resources on DL and UL is 50% and 25%, respectively, which are both better than the 66.7% and 50% numbers in Figure 3‑2. It can be shown that the proposed set of HARQ processes work for 44% of all possible offsets between LTE and BT. Additionally, it is shown in [7] that for 20% of offsets, there is no need to deny any LTE resources on DL and UL. So, knowing if UE is in one of these offsets can eliminate the need for any LTE gaps and lead to 0% unused resource on both DL and UL. .
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Figure 4‑1: Offset based HARQ gap pattern

For LTE FDD in Band 7, knowledge of offset can potentially reduce the fraction of denied resources from 50% on both DL and UL (2ms every 4ms pattern) to the minimum possible value of 27% on both DL and UL. This is obtained by eNB not using the 4 UL subframes every 15 subframes in pattern as mentioned in [6] for autonomous denial. However, the restriction here is that the eNB has to account for the unavailable UL subframes in scheduling UL transmissions.

The above examples show that it is possible to optimize the HARQ gap patterns for better LTE performance depending on the timing offset between LTE and BT. Therefore, it is useful to specify multiple HARQ based patterns. The UE with its knowledge of timing offset can request the pattern that maximizes its performance. 
Proposal 4:  Multiple HARQ based gap patterns should be specified in the standard for each TDD configuration and FDD so that the UE can request the one that maximizes its throughput in a coexistence scenario.  
Further enhancement to HARQ gap patterns with knowledge of timing offset is possible if we modify the HARQ timing relationships. An example of such HARQ modification in a coexistence scenario for TDD Config 1 and all possible offsets is discussed in Appendix II
5 Comparison with autonomous LTE denials

The performance of autonomous LTE denials as a percentage of denied subframes is provided in [7].
The advantage of autonomous denials is the flexibility in only denying the required set of subframes. However, the disadvantage is the loss of network capacity and additional throughput loss to a link if a subframe is denied in the other link.

In terms of performance loss only to the coexistence user, for LTE in Band 7, with offset knowledge, HARQ based pattern is better than autonomous LTE denials since there is no network capacity loss. For all other cases, it is difficult to compare HARQ based pattern with autonomous LTE denials since the additional throughput loss to the other link due to denials needs to be studied further. In situations where the loss with autonomous denials is lower than HARQ gap pattern, the user experience would be better but the network impact would continue to exist.

In the previous sections, we considered HARQ pattern to ensure at least one BT Tx/Rx pair in each eSCO interval. If more than one BT transmissions per eSCO interval are required, the autonomous denial technique may be used in addition to the HARQ gap pattern to allow the BT retransmissions to succeed. For a small percentage of BT retransmissions, the network impact of autonomous denials with this method may be small.
6 Conclusion

We provided examples of applications requiring fullbuffer traffic on LTE and only voice connection on BT. We also provided analysis of creating short-term TDM pattern by selectively using some HARQ processes at the eNB. The fraction of unused resources to guarantee operation was obtained for the following cases 1) BT master/slave with LTE in Band 7 and 2) BT slave with an arbitrary timing offset with LTE in Band 40. Comparisons with LTE autonomous denial were presented. The overall proposals are listed below.
Proposal 1: The use case of LTE Full buffer and BT voice should be added to the Technical Report [1].

Proposal 2: There are HARQ based gap patterns for LTE FDD and LTE TDD Configurations 0-5 which allow for short-term TDM with BT eSCO. These patterns can be used even if the timing offset between LTE and BT is not known. 

Proposal 3: Such patterns should be explicitly specified in the standard and confirmed by eNB before UE can use the gaps.

Proposal 4:  Multiple HARQ based gap patterns should be specified in the standard for each TDD configuration and FDD so that the UE can request the one that maximizes its throughput in a coexistence scenario.  
7 Appendix I: HARQ patterns for other TDD Configs
The following figures show the selective HARQ timelines for TDD configurations 0,2,3,4 and 5 that provide gaps similar to the pattern for TDD configuration 1 that works for any offset between LTE and BT. 
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Figure 7‑1: TDD Config 0
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Figure 7‑2: TDD Config 2
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Figure 7‑3 TDD Config 3
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Figure 7‑4: TDD Config 4
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Figure 7‑5: TDD Config 5

8 Appendix II: Modified HARQ relationships

In addition to knowing the timing offset as described in Section 4, modification of the HARQ relationship of grants and acknowledgments can also lead to better usage of resources. As an example consider the timing offset in Figure 8‑1 wherein none of the UL subframes are unused and only the third DL subframe is not used. Such a gap pattern works for about 96% of all possible timing offsets. In order to make full use of the remaining subframes, we can use six HARQ processes on both UL and DL with the grants and acknowledgement relationship as shown by the indicated HARQ process numbers. This leads to only 33% unused resources on DL and 0% unused resources on UL.
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Figure 8‑1: Modified HARQ timeline – works for 96% of offsets
For the remaining 4% of all timing offsets, the gap pattern in Figure 8‑2 REF _Ref285116134 \h 
 can be used wherein only the first UL subframe is not used. There are 6 HARQ processes on the DL and 2 on the UL leading to 0% unused resources on DL and 50% unused resources on the UL.
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Figure 8‑2: Modified HARQ timeline – works for 4% of offsets
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