


Fig. 12. Distribution and spectrum of localization error of MP3 in position
holding experiments. (a) shows the localization error’s distribution, and (b)
shows the localization error’s spectrum.

distribution with σ = { 2.4, 2.0, 3.6}mm respectively. This
suggests that our sensing system and localization algorithm
can achieve millimeter level accuracy. The distribution’s offset
in X and Y direction may be due to inaccurate calibration of
the camera over the entire �ight arena or slight displacement of
the beacons, and the offset in Z direction may also be caused
by the MP3’s tilt.

Besides the localization error’s distribution, we are also
interested in the spectrum of error, as the higher frequency
components in error will be ampli�ed more when we take
derivatives to compute the velocity and acceleration. We split
the obtained trajectory data into chunks of 5 seconds and
resample them at 100Hz. We then compute the discrete Fourier
transform (DFT) of the error samples and plot the RMS
density of error signal at different frequencies in Fig. 12(b).
The lower frequency (<2Hz) components are dominated by
systematic error like the inaccurate placement of beacons or
inaccuracy in the functions that converts time t1L , t1M , t1R

to distance and elevation angle. These sources are dependent
on the position of the drone which is slowly changing. The
higher frequency (>2Hz) components, however, mainly come
from the discrete and random nature of timing measurements
t1L , t1M , t1R . Because the error of timing measurement is
different and nearly independent in every relative distance
measurement, the spectrum of the position error caused by
this factor will spread to higher frequency range.

The high-frequency error component signi�cantly effects
the drone’s stability during hovering. When it is much higher,
it will introduce a large error in velocity and acceleration

estimates and saturate the PID controller, causing the drone
to lose control.

Fig. 13. Setup for horizontal and vertical movement experiments. (a) shows
the setup for the horizontal movement experiment, and (b) shows the setup
for the vertical movement experiment. Blue arrows mean the beacons can
communicate with the MP3, and green arrows show the target movement
trajectory. Figure is not drawn to scale.

B. Horizontal and Vertical Movement Experiment
In the movement experiments, instead of remaining at a po-

sition, MP3 moves between way points. The setup is shown in
Fig. 13. MP3’s reference trajectory and its Y coordinate versus
time in the 6 horizontal movement experiments are shown in
Fig. 14. MP3’s reference trajectory and its Z coordinate versus
time in the 6 vertical movement experiments are shown in
Fig. 15. The experiments clearly show that MP3 is capable of
controlled motion in 3D using the on-board communication
and sensing system.

C. Peer-to-Peer Communication and Sensing Experiment
In this set of experiments, we demonstrate the capability of

MP3 to do peer-to-peer communication and sensing. The setup
is shown in Fig. 16. Unlike in previous experiments, MP3 #1
is actively transmitting its current sensed position to MP3 #2,
acting like a beacon. In software, we made sure that MP3 #1
can only communicate with the �rst three beacons, and MP3
#2 can only communicate with the last two beacons and MP3
#1. MP3 #2 will record two sets of position estimates, one
using both the information from the beacons and the relative
measurements and position estimates of MP3 #1, and another
using only the information from the beacons. The horizontal
reference trajectory of MP3s in all 7 �ights are shown in Fig.
17.



Fig. 18. Distribution and spectrum of localization error of MP3 #2 in peer-
to-peer communication and localization experiments. (a) and (b) show the
localization error’s distribution where MP3 #2 has used and not used peer-
to-peer information for localization respectively. (c) compares the Y direction
localization error’s spectrum in different scenarios. The purple dot dashed
line in (c) shows the spectrum of Y localization error in position holding
experiment (Fig. 12(b)), and the thicker lines in the background are the linear
�ts of high frequency components.

system. There are a few aspects that could improve the overall
performance of MP3 and enable MP3 to form larger swarms.

One key improvement could be the �ight time. Currently,
the �ight time of MP3 is approximately 3min and is limited
by the operating voltage of the motor driver. However, the
design of MP3 was not optimized for the �ight time, and we
anticipate that the �ight time could be extended to 5-6min
given small changes in motor driver and power circuit.

Another key improvement could be the communication
system. Currently, we are using pulse position modulation and
ALOHA multiple access for communication, which has low
bandwidth, is less tolerant to error, and has congestion issues
when more than two transmitters are trying to transmit infor-
mation to the same receiver. These issues could be addressed
using techniques like quadrature amplitude modulation (QAM)
and frequency division multiple access (FDMA), though at a
cost of hardware complexity. A simpler approach might be
slotted ALOHA, which could relieve the congestion issue and
approximately double the total bandwidth, but would require
a time synchronization between MP3s.

Improvement could also be made to the localization and
control system. We can create a more accurate sensing system
by reducing ωσt . This can be accomplished by reducing
the rotation speed of the drone or increasing the frequency
of communication. In addition, we can improve the state
estimation and control by having a better dynamic model of
MP3 and higher resolution motor speed feedback..

We have also made some preliminary progress in enabling
MP3 to actively sense the environment. Light transmitted by
MP3 will be re�ected by the objects in the environment, and
then captured by the receivers on the same MP3. Objects
re�ecting the light are very similar to transmitters, and we
can sense their relative position to the MP3 in the way similar
to how we sense the relative position of other transmitters. In
certain environments, it may be possible to achieve solo MP3
�ights with just re�ected light information.

V. CONCLUSION

In this paper, we presented MP3, a minimalist, single pro-
peller drone equipped with novel peer-to-peer communication
and sensing mechanisms. We explained the hardware and soft-
ware architecture of the drone, especially its communication
and sensing system, and demonstrated its capability to localize
itself by communicating with and sensing its relative bearing,
distance, and elevation to neighboring MP3s. We also showed
that MP3 is capable of �ying stably alone as well as together
with peers. Thanks to the single-motor design and the novel
communication and sensing system, MP3 is about 50% lighter
than the lightest drone known to the authors that has relative
position sensing capabilities of similar accuracy [35]. Having
these three key capabilities, MP3 is theoretically capable to
execute a wide variety of swarm tasks like collaborative search
or shape formation in a fully distributed manner.
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