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1 Introduction

LTE and BT streaming audio has been identified in [1] as an important coexistence use case. BT audio stream typically uses the advanced audio data profile (A2DP) for Bluetooth and the latency for typical implementations ranges from 30-60ms. To ensure higher LTE peak rates, the LTE gap required for A2DP to clear its buffer should be minimized. However, this gap depends on several factors such as the BT link quality. In this contribution, we demonstrate using measurements and analysis that the LTE required gap can change quickly, which renders a fixed gap pattern highly inefficient and can result in frequent BT audio gaps and/or significant loss in LTE peak throughput.
2 Measurements of Required Gap
In these measurements, a BT standalone terminal is streaming audio to a headset using the A2DP mode. The BT terminal is placed on a stationary desk, while the operator wearing the headset could be slightly moving around. The experiments are conducted in an isolated RF chamber to avoid interference from other ISM devices. Two different brands of headsets where used in these experiments, and we will denote them by HeadsetA and HeadsetB. We collected measurements for three scenarios

· HeadsetA-Master : BT terminal (equivalent to the UE/phone) was in master mode

· HeadsetA-Slave : BT terminal (equivalent to the UE/phone) was in slave mode. 

· HeadsetB-Slave: BT terminal (equivalent to the UE/phone) was in slave mode. 
Note that the Master or Slave refers to the BT terminal and not the Headset. The A2DP rate and packet size parameters are negotiated between the master and the slave and they are not controlled in the experiment.
To model the LTE gap pattern, an on/off switch is added to the BT terminal to emulate a BT on and BT off time. The BT off time is fixed to 35ms.  For each BT on period, the minimum duration is 15ms, and the maximum duration is 120ms, with the actual duration depending on the time needed to empty the BT terminal audio buffer.       
Figure 2-1 illustrates the BT off and BT on time. Denote the time where BT is off  by Toff, and denote the gap allocated to BT by TB. The BT on time TB is a random variable that depends on several factors such as channel quality, packet arrival rate or the headset polling pattern (for the slave case). 
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Figure 2‑1: Illustrating BT on/off time.
3 Analysis of the Required Gap Length
The cumulative distribution function (CDF) of the BT on duration TB for HeadsetA-Master, HeadsetA-Slave, and HeadsetB-Slave are depicted in Figure AI-1 in Appendix I. The statistics of the BT on durations are summarized in Table 3-1 for the three scenarios described above.

Table 3-1: BT on duration statistics for different Headset brands and master/slave modes.
	Statistics
	Mean BT Duration (ms)
	5th % BT Duration (ms)
	95th  % BT Duration (ms)
	Experiment Duration (Seconds)

	HeadsetA-Master
	26.8
	16
	50
	68

	HeadsetA-Slave
	38
	17
	65
	56.03

	HeadsetB-Slave
	76
	20
	110
	25.23


From Table 3-1, we can make the following observations.

Observation 1: The BT on duration CDF can vary significantly from one headset to another.

Observation 2: If the BT terminal is the master, the BT on duration has smaller variability. If the BT terminal is the slave, the BT on duration shows larger variation.

4 Characterizing the Dynamics of BT On Duration
From Table 3-1, the BT on duration can have a wide range of values. To understand the dynamics of the BT on duration, we study the frequency of transition between short BT on durations and long BT on duration. More specifically, we define the following two states

· LOW State (L):  The BT on duration falls below the 33% of the BT on duration CDF in Figure AI-1.
· HIGH State (H): The BT on duration falls above the 67% of the BT on duration CDF in Figure AI-1.

The rationale for selecting the 1/3 and 2/3 CDF points to define the two states is to capture the dynamics of large variations in the BT on duration. The LOW and HIGH states are defined in Table 4-1

Table 4-1: Defining the LOW and HIGH states for different scenarios.
	State definition
	LOW State (ms)
	HIGH State (ms)

	HeadsetA-Master
	<18
	>31

	HeadsetA-Slave
	<29
	>46

	HeadsetB-Slave
	<60
	>95


The transition probabilities between the LOW and HIGH states are shown in Table AII-1 in Appendix II. From Table AII-1, it is clear that the BT on duration can switch quickly from LOW state to HIGH state. Since the BT on durations are separated by the 35ms BT off period, these changes occur in a timescale of the order of 100 ms. To better understand the timescale of the variation, we calculated the CDF for the time it takes to switch from a LOW to a HIGH state, and the time it takes to switch from a HIGH to LOW state as shown in Figures AIII-1 and AIII-2 in Appendix III. The average time for the LOW(HIGH and HIGH(LOW transition is shown in Table 4-2. These results show that the transition between the low and high states can happen in a timescale of 100 ms. It is also clear from the table that HeadsetA-Master has the slowest variation. This fast transitions cannot be efficiently captured by a fixed gap duration, since the gap duration will have to be set long enough to capture all scenarios.

Table 4-2: Average time in ms for the transition from LOW to HIGH and HIGH to LOW.

	Scenarios
	Average Time (ms) for L(H Transition 
	Average Time (ms) for H(L Transition

	HeadsetA-Master
	136.5
	69.3

	HeadsetA-Slave
	81
	106.2

	HeadsetB-Slave
	94
	115


There are several reasons that could result in the fast variation and large variability for the BT on duration: 

· For the BT terminal in slave mode, the remote master uses a polling mechanism to allow the slave to transmit the audio packets. The polling pattern can differ from one headset to another. Moreover, if the polling pattern does not align well with BT gaps, the slave could miss the master polls during the BT on period, which will result in the headset buffer running low. In the following BT on time, the BT duration will be longer due to the accumulated data pending for transmission. 
· For the BT terminal in master mode, depending on the buffer management algorithm, the master could spread its data transmission in time, and hence might not efficiently utilize the BT on time unless the buffer is getting full. It may be possible to optimize the buffer management algorithm to reduce the variation of the on time.  
· In practice, since the headset and the BT terminal could be on different locations of the users body, user mobility could result in frequent changes in pathloss between the BT transmitter and receiver. On-body propagation dynamics have been studied recently in the literature [2], [3] and show significant path loss variation in some cases.
· In practice, there could also be interference from other ISM band devices (WLAN APs or stations) which impacts the BT link quality. The interference and the path loss variations were relatively benign in  the experiments, and can further contribute to the variation of the BT on time in practice.
5 Conclusions
The BT on duration measurements show that the BT on duration can have a wide range of values during operation, that can differ depending on headset implementation. Moreover, the analysis shows that the required BT on duration can change quickly from one BT on duration to the next. A fixed gap pattern set by the eNB will not capture this fast variation and wide range of BT on duration values. To prevent audio gaps, a fixed gap pattern set by the eNB will have to be selected to guarantee that, for example, 95% of BT on duration is satisfied with the gap pattern. This can result in significant LTE throughput loss. We propose that the UE should control the LTE gap pattern and adapt it to meet BT QoS requirements.
Proposal: Due to the short time scale over which BT gaps can change significantly, the UE should have a fast time-scale mechanism to adjust the duration of gaps . Mechanisms based on BSR and CQI control, as discussed in [4], should be considered for further study.
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7 Appendix I

The CDF of the BT on duration time is shown in Figure AI-1 for the three considered scenarios.
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Figure AI‑1: CDF of BT on time.

8 Appendix II

Denote the conditional probability that the next state is j given the current state is i (i.e. transition from i to j) by Pij, where i,j [image: image4.png]


 {L,H}. We calculated the transition probabilities between the states using the BT traces from the experiment conducted. These transition probabilities are given in Table AII-1. The steady state probabilities for the LOW P_L and HIGH P_H states are also calculated. Note that the sum P_L+P_H<1 since the HIGH and LOW events are not collectively exhaustive (do not cover all possible values of BT on durations).

Table AII-1 Transition Probabilities between the two states.

	Transition Probability
	P_LL
	P_LH
	P_HH
	P_HL
	P_L
	P_H

	HeadsetA-Master
	0.53
	0.47
	0.55
	0.45
	0.29
	0.32

	HeadsetA-Slave
	0.45
	0.55
	0.53
	0.47
	0.3
	0.35

	HeadsetB-Slave
	0.36
	0.64
	0.68
	0.32
	0.33
	0.32


9 Appendix III
The CDF for the time it takes to switch from a LOW to a HIGH state, and the time it takes to switch from a HIGH to a LOW state are shown in Figures AIII-1 and AIII-2, respectively.
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Figure AIII‑1: CDF of the time gap between a LOW state and the next HIGH state.
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Figure AIII‑2: CDF of the time gap between a HIGH state and the next LOW state.
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