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Figure 1. eSense system. (a) Audio, motion, and Bluetooth Low Energy radio sensing are powered 
by a CSR processor and a 40-mAH battery. (b) Schematic design. (c) Front and back of the printed 
circuit board. 

Hardware 
Two main concerns drove the hardware design of eSense (see Figure 1): physical size and func-
tional requirements. Physically, we wanted eSense to equal the size of a standard wireless earbud 
(including battery, electronics, and all outside connections) to ensure that it could be worn natu-
rally with comfort. Functionally, we wanted eSense to permit reprogramming the sensors and 
recharging of the battery by users. Taking both of these concerns into account, we used a cus-
tom-designed 15 × 15 × 3 mm PCB. eSense is composed of a Qualcomm CSR8670, a program-
mable Bluetooth dual-mode flash audio system-on-chip (SoC) with one microphone; a TDK 
MPU6050 six-axis inertial measurement unit (IMU) including a three-axis accelerometer, a 
three-axis gyroscope, a digital motion processor, and a two-state button; a circular LED; associ-
ated power regulation; and battery-charging circuitry. There is no internal storage or real-time 
clock. We opted for an ultra-thin 40-mAh LiPo battery to provide the system with power. This 
battery offers a reasonable energy profile: 3.0 h of inertial sensing at 50 Hz and 1.2 h for simul-
taneous audio sensing at 16 kHz and inertial sensing at 50 Hz. The carrier casing is equipped 
with an external battery enabling recharging of eSense earbuds on the go. Each earbud weights 
20 g and is 18 × 20 × 20 mm. 

Firmware 
We developed an energy-aware firmware that implements the classic Bluetooth stack including 
the Advanced Audio Distribution Profile (A2DP) for high-definition audio streaming, and mono 
channel recording. The firmware also implements the full BLE radio stack for delivering the 
accelerometer and gyroscope data and configuring different parameters. A set of BLE character-
istics expose these functionalities for setting the sampling rate and duty cycle of the microphone 
and IMU, setting the advertisement packet interval and connection interval of BLE, and receiv-
ing the sensor data. Also, we have designed standard BLE characteristics for receiving the bat-
tery voltage and advertisement packets. In our design, continuous bi-directional audio streaming 
uses classical Bluetooth, and motion data streaming uses BLE. To accommodate simultaneous 
audio and motion data transfer, eSense implements a multiplexing protocol transparently without 
requiring any modification to the host device stack. Finally, to enable continuous proximity sens-
ing, eSense broadcasts advertisement packets continuously, and the advertisement interval can be 
configured programmatically to maintain a right balance between battery life and application 
requirements. 
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