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1
Introduction
During RAN2#71bis meeting, TDM solutions for in-device coexistence were discussed. Suggested way forward is to provide timeline/complexity analysis for TDM solutions. This contribution is focused on the timeline analysis for coexistence with Bluetooth. General aspects of TDM between LTE and Bluetooth can be found in [2].
2
Assumptions
Timeline analysis is based on usage scenario 1) LTE + BT earphone [1]. This scenario has two sub-scenarios:
1a) LTE voice over IP, the voice traffic transmitted by BT is from/to LTE. Bluetooth SCO or eSCO links are utilized in this scenario.
1b) Multimedia (e.g. HD video) is downloaded by LTE and audio is routed to a BT headset. Bluetooth ACL link is used in this scenario.
2.1
Bluetooth
In this contribution, we focus on BT eSCO, which is already widely supported by BT devices.
Table 1: Bluetooth configurations

	Packet
	TeSCO (slot)
	Modulation

	
	Value in analysis
	Mandatory values in BT spec
	

	eSCO EV3
	6
	6
	GFSK

	eSCO 2-EV3
	12
	6~12
	π/4 DQPSK


The following rules are used in the timeline analysis to select BT transmission instance within BT TeSCO interval.
For the analysis without BT retransmissions, the guideline to find a suitable BT Tx/Rx instance within a BT TeSCO interval is described below.

· Try to use the first instance when there is no interference between BT and LTE.

· If no such instance can be found, try to use the first instance when there is no interference from BT to LTE.

· If no such instance can be found, use the first instance.
For the analysis with BT retransmissions (only 1 retransmission is considered), the guideline to find suitable BT Tx/Rx instances within a BT interval is described below (note that there are TeSCO / 2 BT Tx Rx instances).

· First BT Tx/RX instance is selected among the first TeSCO / 2 – 1 instances (i.e. excluding the last instance) according to following rule:
· Try to use the first instance when there is no interference between BT and LTE.

· If no such instance can be found, try to use the first instance when there is no interference from BT to LTE.

· If no such instance can be found, use the first instance.

· Use the same rule as above to select second BT Tx/Rx instance from instances after the 1st instance.
2.2
LTE
For LTE TDD, normal CP are used for both DL and UL, and special subframe configuration 4 is used.

3
Results and analysis
3.1
Coexistence with BT ACL

Coexistence with Bluetooth ACL is straightforward since the QoS requirement is not strict. Bluetooth transmissions can be postponed to the duration without LTE activities.
3.2
Coexistence with BT SCO and eSCO

In section 3.2.1, we first consider in general, the coexistence between LTE FDD/TDD and BT eSCO. Then in section 3.2.2, we look specifically at usage scenario 1a).
3.2.1
General analysis
In section 3.2.1.1, we first look at the most flexible Bluetooth configuration, eSCO 2-EV3 (in this contribution, we do not consider 3-EV3, since it requires even better link quality than 2-EV3). The results in section 3.2.1.1 show that there are interferences when TDM solutions are not used. In section 3.2.1.2, we investigate how TDM solutions can avoid interference for eSCO EV3. TDM solutions are not investigated for eSCO 2-EV3 since it is more flexible than eSCO EV3.
3.2.1.1
Coexistence with eSCO 2-EV3 without TDM solutions
In Annex A, timeline analysis is shown for the coexistence between LTE and BT eSCO 2-EV3.
LTE FDD

For LTE FDD (in Figure 1), if there is no restriction on LTE UL transmissions, it is obvious that there is interference on 2-EV3 reception due to continous LTE UL transmissions. 

LTE TDD

In [3], it is observed that even if TDM solutions are not used (i.e. without any restrictions on LTE scheduling), mutual interference can be avoided if time offset between LTE TDD and BT is selected appropriately. From our results, the above observation is true for LTE TDD UL/DL configuration 0, 1, and 2, but fails for other configurations. The reason is that in [3], only two LTE frames are used for timeline analysis. The period of TDD UL/DL configuration 0/1/2 is 5 ms, and the minimum multiple of 5 ms and 7.5 ms (2-EV3 period) is 15 ms. Therefore 2 LTE frame observation is sufficient for TDD UL/DL configuration 0/1/2. However, the period for TDD UL/DL configuration 3/4/5/6 is 10 ms, which means that the corresponding mimimum multiple is 30 ms. Due to the possible offset between LTE and Bluetooth, 4 LTE frames are analyzed in Annex A. Since there are interferences in these scenarios, TDM solutions are helpful for TDD UL/DL configuration 3/4/5/6 when eSCO 2-EV3 is used.
In addition, for LTE TDD, we still need to consider EV3 since
· To use 2-EV3, the peer BT device should support 2-EV3 as well. However it is not expected that all BT devices (e.g. headsets) support 2-EV3.
· 2-EV3 uses π/4 DQPSK, which requires good radio conditions.
Furthermore, it should be noted that in Annex A, BT retransmissions are not modelled. When BT retransmissions are considerd, there are interference for LTE TDD vs. 2-EV3 scenarios, as shown in Annex B. 
Observation 1: there is interference for coexistence between LTE and Bluetooth eSCO 2-EV3 when one of the conditions is met:

· LTE TDD is using UL/DL configuration 3/4/5/6.

· Bluetooth retransmissions happen.
3.2.1.2
Coexistence with BT eSCO with TDM solution
From section 3.2.1.1, we know that for coexistence between LTE FDD/TDD and BT eSCO 2-EV3, there is interference if Bluetooth retransmissions happen. Since 2-EV3 is more flexible than EV3, there is similar (or more servere) interference for coexistence between LTE FDD/TDD and BT eSCO EV3, when TDM solutions are not used. In current section, bitmap based TDM solution is used to mask off a number of LTE HARQ processes to accommodate coexistence.
In Annex C, timeline analysis is shown for the coexistence between LTE and BT eSCO EV3 with retransmissions. For LTE FDD case (Figure 12), it can be seen that there is only slight interference for one BT Rx instance out of over 20 instances. Considering that we’re considering Bluetooth retransmissions always (which is rather pessimistic) in the analysis, there is negligible impact on BT performance.
For LTE TDD, example bitmaps are shown in Table 2 below. In the examples, the length of bitmap is 10, and bit=1indicate that corresponding subframe is reserved for BT use. Bitmaps are selected for compatibility with HARQ processes and are used in Annex C for timeline analysis. The results show that with proper time alignment between LTE and Bluetooth and adequate number of reserved HARQ processes in LTE side, there is negligible interference considering that the worse cases are modelled.
Table 2: Example bitmaps for LTE TDD Configurations
	LTE TDD UL/DL Configuration
	Bitmap

	0
	0011011011

	1
	1011011001

	2
	0110111011

	3
	0111011111

	4
	1110111110

	5
	1101101101

	6
	1001101101


Since 2-EV3 is more flexible than EV3, there is negligible interference for coexistence between LTE and 2-EV3 with retransmissions.
To summarize section 3.1, and 3.2.1.2, we draw the following conclusion:

Proposal 1: there is negligible interference between LTE and BT ACL/ eSCO when TDM solutions are used.

3.2.2
Usage scenario 1a)
For Usage scenario 1a), if the only traffic in LTE side is VoIP, there are only a few HARQ processes used. Therefore from timeline point of view, it looks like that a number of HARQ processes are reserved, as discussed in section 3.2.1.2 above. Therefore a natural observation is that TDM solutions are not needed at all for usage scenario 1a). 
However, there are differences between TDM solution and implicit HARQ process reservation (as in VoIP case). For example, we can consider new usage scenarios like video call. In this scenario, voice is routed via SCO/eSCO, while there is LTE traffic to carry video. Another example is that there is background LTE traffic when VoIP call is performed. In these scenarios, there are LTE activities other than VoIP. TDM solutions discussed in above sections are applicable.
In addition, even if we only consider LTE VoIP case without any new usage scenarios, UE needs to continuously monitor PDCCHs (assuming no DRX is configured) if TDM solutions are not used. Only after PDCCH decoding, UE can make sure there are no DL assignments or UL grants, and then UE can adjust Bluetooth behaviour accordingly. This makes coexistence quite challenging.
Proposal 2: implicit HARQ process reservation for VoIP is not suitable for coexistence between LTE and BT SCO/eSCO. 
4
Conclusion
In this contribution, we analyze TDM solutions for coexistence between LTE and Bluetooth and propose that:

Proposal 1: there is negligible interference between LTE and BT ACL/ eSCO when TDM solutions are used.


Proposal 2: implicit HARQ process reservation for VoIP is not suitable for coexistence between LTE and BT SCO/eSCO. 
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Notes for all results:

· Red bar indicates that there is interference at corresponding Rx side.
· For each figure, 4 LTE frames are generated. There is no Tx/Rx shown for LTE activity after that.

 Annex A
Timeline analysis of LTE and BT eSCO 2-EV3 without retransmissions
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Figure 1 LTE FDD and BT 2-EV3 (Offset of BT relative to LTE frame: 0 ms)
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Figure 2 TDD Configuration 0 and BT 2-EV3 (Offset of BT relative to LTE frame: 5 – 0.625 TeSCO)
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Figure 3 TDD Configuration 1 and BT 2-EV3 (Offset of BT relative to LTE frame: 4 – 0.625 ms)
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Figure 4 TDD Configuration 2 and BT 2-EV3 (Offset of BT relative to LTE frame: 3 – 0.625 ms)
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Figure 5 TDD Configuration 3 and BT 2-EV3 (Offset of BT relative to LTE frame: 5 – 0.625 ms)
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Figure 6 TDD Configuration 4 and BT 2-EV3 (Offset of BT relative to LTE frame: 4 – 0.625 ms)
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Figure 7 TDD Configuration 5 and BT 2-EV3 (Offset of BT relative to LTE frame: 3 – 0.625 ms)
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Figure 8 TDD Configuration 6 and BT 2-EV3 (Offset of BT relative to LTE frame: 5 – 0.625 ms)
Annex B 
Timeline analysis of LTE and BT eSCO 2-EV3 with retransmissions
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Figure 9 TDD Configuration 0 and BT 2-EV3 (Offset of BT relative to LTE frame: 5 – 0.625 TeSCO)
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Figure 10 TDD Configuration 1 and BT 2-EV3 (Offset of BT relative to LTE frame: 4 – 0.625 ms)
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Figure 11 TDD Configuration 2 and BT 2-EV3 (Offset of BT relative to LTE frame: 3 – 0.625 ms)
Annex C 
Timeline analysis of LTE and BT eSCO EV3 with TDM solutions
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Figure 12 LTE FDD and BT EV3 (Offset of BT relative to LTE frame: 0.625 ms)
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Figure 13 TDD Configuration 0 and BT EV3 (Offset of BT relative to LTE frame: 10 – 0.625 ms)
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Figure 14 TDD Configuration 1 and BT EV3 (Offset of BT relative to LTE frame: 10 – 0.625 ms)
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Figure 15 TDD Configuration 2 and BT EV3 (Offset of BT relative to LTE frame: 3 – 0.625 ms)
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Figure 16 TDD Configuration 3 and BT EV3 (Offset of BT relative to LTE frame: 3 – 0.625 ms)
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Figure 17 TDD Configuration 4 and BT EV3 (Offset of BT relative to LTE frame: 7 – 0.625 ms)
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Figure 18 TDD Configuration 5 and BT EV3 (Offset of BT relative to LTE frame: 3 – 0.625 ms ms)
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Figure 19 TDD Configuration 6 and BT EV3 (Offset of BT relative to LTE frame: 1 – 0.625 ms)
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