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Figure 2: System Prototype. Our system consists of an array of small, low-cost, low-power ultrasonic sources and detectors (microphones)
placed on the body (left). The ultrasonic sources (top-middle) sequentially emit ultrasonic pulses, which are received by the microphones
(bottom-middle) and processed to yield distance measurements for all source-microphone pairs. To increase precision and the sampling rate,
as well as to alleviate visibility problems, each sensor board is also equipped with a 3-axis gyroscope and a 3-axis accelerometer that measure
rotation rates and linear accelerations respectively (bottom-middle). The data collection is managed by a small driver box (right) using a
laptop hard disk for storage; both the driver box and the laptop are carried by the user in a backpack.

Therefore, our signal sources employ off-the-shelf piezoelectric
transducers (Figure 2 top-center) to emit pulses at ultrasonic fre-
quencies (40 kHz). They are mounted onto small plastic plates,
attached to the garment, and wired to the pulse-generating driver
box. The pulses are detected by conventional audio microphones
(Figure 2, bottom-center). Although they do not exhibit optimal re-
sponse in the 40 kHz range, they are able to clearly detect our ultra-
sonic pulses while offering several advantages over ultrasonic de-
tectors: they are small in size (2.5mm3); they have a wide-angle re-
sponse — there is no need for accurate alignment with the sources;
and they have a wide bandwidth — we do not need to tune them
to the exact frequency of the ultrasonic source. We arranged the
ultrasonic sources such that they see most of the microphones most
of the time: seven sources around the chest and belly pointing for-
ward, with the eighth source on the brim of a hat pointing down
(Figure 2, left).

In addition to the microphone, each sensor board (Figure 2, bottom-
center) is equipped with a 3-axis rotation rate sensing unit (the
gyroscope), and a 3-axis linear acceleration sensing unit (the ac-
celerometer). Their measurements enhance the precision and frame
rate of the ultrasonic components. Furthermore, they alleviate the
line-of-sight problems associated with acoustic signals. An on-
board micro-controller collects the inertial data, combines it with
the acoustic signal, and sends it to the driver box.

The driver box has three main tasks: to generate pulses that drive
each ultrasonic source, sample the data from each of the sensor
boards, and provide power to all inertial and ultrasonic components.
As a result, all of our data is perfectly synchronized (we know ex-
actly when the pulses are emitted with respect to each sensor sig-
nal). The sampling rate of the A/D converters in the driver box is
about 150kHz, well above the Nyquist rate of the 40kHz ultrasonic
pulses and the 13kbps inertial data (see below). In addition, the box
houses a USB hub through which the sampled signals from each
sensor board are transferred to a hard disk.

3.2 Ultrasonic Operation

Our ultrasonic subsystem operates similarly to a conventional
acoustic ranging system, where there is a single source and a sin-
gle detector. At regular intervals, the source emits a short burst of
ultrasonic energy (a “pulse”), which is subsequently sensed by the
detector. For example, our pulses are ten cycles wide at 40 kHz.
The observed time delay (“time of flight”) between the emission of
the pulse and its detection is proportional to the distance between
the two.

As the signal propagates through the air and bounces off objects in
the environment, the detector will record several pulses at differ-
ent times. The earliest detected pulse is the one that corresponds
to the direct line-of-sight (LOS) and should be used to determine
distance. The subsequent reflected pulses generally will be pro-
gressively weaker as they have to travel further through the air.

In our system, we also need to distinguish between pulses emitted
by different sources. To accomplish this, the sources emit pulses
at different times in a round-robin fashion (similarly to [Randell
and Muller 2001]). The time separation between pulses from dif-
ferent sources must be long enough to ensure that reflected pulses
from one source are not mistaken for the LOS pulse from the next
source in the sequence. We have selected a conservative time inter-
val of about 8 ms between the subsequent pulses. At the average
speed of sound, this corresponds to a distance of about 2.75m the
pulse will travel before another pulse is emitted by another source.
We have found this to be sufficient to ensure that the LOS pulse
is considerably stronger than any reflected pulse from a previous
source. Since our system includes eight sources, each individual
source emits pulses at 64 ms intervals.

The microphone on each of our sensor boards senses the ultrasonic
pulses from all the visible ultrasonic sources. As the top row of
Figure 3 visualizes, the corresponding analog signal is amplified
and filtered in order to enhance its quality in the 40kHz range. The
resulting analog signal, together with the digital inertial signal, is
sent to the driver box and and stored on the laptop’s hard disk.


