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Abstract—Communication and position sensing are among the
most important capabilities for swarm robots to interact with
their peers and perform tasks collaboratively. However, the hard-
ware required to facilitate communication and position sensing
is often too complicated, expensive, and bulky to be carried on
swarm robots. Here we present Maneuverable Piccolissimo 3
(MP3), a minimalist, single motor drone capable of executing
inter-robot communication via infrared light and triangulation-
based sensing of relative bearing, distance, and elevation using
message arrival time. Thanks to its novel design, MP3 can com-
municate with peers and localize itself using simple components,
keeping its size and mass small and making it inherently safe for
human interaction. Here we present the hardware and software
design of MP3 and demonstrate its capability to localize itself,
y stably, and maneuver in the environment using peer-to-peer
communication and sensing.

. INTRODUCTION Fig. 1. A photo of MP3. MP3's size i€ 112 38mm and weighs 20.0g.
Uncrewed aerial vehicles (UAVS) have been extensiv MP3 ies, the whole robot rotates around the geometric axis indicated in
studied in recent years for their wide applications in phd™® 94'e:
tography [1], exploration [2], transportation [3], and drone

shows [4]. UAVs that collaborate with each other can usually

improve performance in these tasks, enabling the swarmWhen interacting with a large number of UAVs. While there
carry heavier objects [5, 6, 7], perform more complicate@® Impressive works_or_1 active avmda_nce of obstacles whlgh
actions [8, 9], explore faster [10], or form more intricate shap@&@rtially addressed this issue [22, 17], it would be preferred if
[11, 12]. Fhe drone_could be light enough to be inherently safe [23] to
In order to collaborate, UAVs in the swarm need inter-robdfteract with.
communication and position sensing capabilities [13]. In most There is often a trade-off between simple, lightweight
systems, these capabilities are provided externally, by a WiFones and drones with advanced capabilities. However, recent
router and an optical tracking system [9, 11, 14], Lighthousdforts in single actuator yers [24, 25, 26, 27, 15] have
systems [15], or RTK GPS [16]. Thus, these systems apgercome some of the ight and control limitations of simple
usually limited to the particular environment in which theyrones while maintaining reduced complexity and weight. An
operate. There have been attempts to solve this problemibtgresting feature of these single-motor drones is that their
sensing using on-board sensors like depth cameras [17], Lideeslies spin when ying. As the body rotates, sensors placed
[18], or less accurate ultra wide band (UWB) modules [19pn the body can scan through the environment. This feature
However, these modules, especially depth cameras and Lid@yld be exploited to achieve omnidirectional communication
are often expensive, heavy and bulky, not to mention thapd sensing [28, 29] while maintaining a simple, lightweight
they also require powerful processors to process the déesm factor.
generated [17, 18]. The complexity and cost associated within this paper, we present a single motor nano [30, 14]
manufacturing and maintaining such systems can limit tleerial vehicle, MP3, with a novel, minimalist peer-to-peer
scalability of a swarm [20]. communication and sensing system. MP3 is similar to its
Additionally, a wide variety of tasks, including search angredecessors: its only motor is offset from its center of
rescue, transportation, or drone shows, can involve directrmass to provide maneuvering ability similar to the original
indirect interaction with humans. But highly capable multiManeuverable Piccolissimo (MP) [27] and its controller is
motor drones tend to be heavy and unsafe for human intsmilar to MP2 [15]. However, MP3 is equipped with a novel
action without safety equipment [21], a risk that is ampli eccommunication and sensing system as well as a completely



new chassis, electrical, and software design. MP3 is capablesgécute tasks like position holding or waypoint following. It is
communicating with neighboring beacons or other MP3s usimgprth noting that beacons share the same transmitter hardware
infrared light (IR), and sensing its relative bearing, distancand code as regular MP3s as shown in Fig. 4, so beacons
and elevation to neighbors using a single-drone triangulatiane essentially immobile MP3s that are constantly transmitting
method. Using this information, MP3 can subsequently detéheir position. By using beacons that have identical electronics
mine its global Cartesian position with millimeter accuracyo the drones, we can replace beacons with actual drones. In
Using the global position information, MP3 can control itshe future, we hope to replace all beacons with drones, en-
position in 3D space with a single actuator. The simplicity adbling a swarm-based positioning without any external xtures
MP3 allows it to be 20.0g in weight and 112mm in diameteand achieving "infrastructure-free" operation as proposed by
The small mass and the partially enclosed propeller make MP8urjabar et al. [31]. We will use “"MP3s" to refer to both
inherently safe for human interaction even with collisions [23]ying MP3s and beacons when talking about communication,
We present the hardware and software design of MP3, wiknsing and localization in future discussions. .

emphasis on the novel communication and sensing system,

and validate its capability with experiments.
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' Fig. 3. The setup of the test environment. Several beacons and MP3s are in
the environment, communicating and providing others with localization. Two
cameras, one on the top and one from the side, capture the trajectory of the

Fig. 2. An exploded view of MP3. MP3 has 7 major parts: 3D printed maifirone, providing us with the drones' reference trajectory for analysis only.

and top chassis, a main PCB, a top transmitter, a motor-propeller assemBlyie arrows indicate uni-direction transmission from the beacons to MP3s,

and two batteries. The bottom transmitter is placed at the center of the botta@fdl red arrows indicate bi-directional communication between MP3s. Figure

side of the main PCB. is not drawn to scale.

Main PCB

While the non-stationary body reference frame of the robot
may seem to make things dif cult (the MP3 body spins
A. Overall Concept at ~25Hz), we can actually take advantage of this property

MP3, as shown in Fig. 1 and 2, is a minimalist singlet0 achieve communication and sensing in all directions. As
rotor drone with on-board communication and position sensig§own in Fig. 4(a), there are three directional infrared (IR)
capabilities using a novel optical communication and sensifijotodiodes xed to MP3's body acting as receivers. As
system. Unlike ordinary drones, MP3 has only one mot®iP3 spins, the receivers’ eld of view (FOV) scans through
offset from its center of mass, two rigid bodies (the rotor xedtS environment, enabling it to communicate with MP3s all
to a propeller and the stator xed to the main chassis), ajound it. Furthermore, the three receivers pick up signals
no inertial measurement unit (IMU). As the motor spins, thisom other transmitters at different times, and we can use this
body of MP3 Spins like a Frisbee in the Opposite directioﬁfﬂin.g information to achieve bearing, distance, and elevation
as shown in Fig. 1, and the gyroscopic effect of the spinnirg§gnsSing.
body keeps the MP3 stable. By pulsing the thrust at different o .
times, we can tilt the MP3 and control its 3D position in ightB' The Communication and Sensing System
[15]. A MP3 can communicate with other MP3s using packets of

MP3s operate in an environment with multiple MP3s anencoded IR pulses, and it can determine its relative position
beacons, as shown in Fig. 3. In the environment, MP3s ciemnearby MP3s by measuring when its directional receivers
communicate with and localize from other MP3s or beacons $tart to receive packets from them. Compared to measuring

Il. RoBOT DESIGN
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system (RX) on MP3, (b) shows the top and bottom transmitter system (T
on MP3, and (c) shows the transmitter system on the Beacon. Note that
transmitter system on the MP3 and on the Beacon are the same.
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Based on this principle, we designed the communicatic X
and sensing system hardware as shown in Fig. 4. Omindir
tional transmitters on MP3s blink their infrared (IR) LED tc
broadcast messages in the form of encoded pulses, and ME@.SS. A simpli ed model of MP3. (a) shows the environment MP3 operates
can receive messages and localize themselves using the thraed (b) shows the eld of view of all three receivers.
photodiodes on them.

1) Theory of Operation:To illustrate how MP3s achieve
relative position sensing and absolute localization, we considbe MP3 is facing transmitter 1 and 2 respectively, so we can
a simpli ed theoretical model as shown in Fig. 5, where twexpress the angle between transmitter 1 and transmitter 2 as
point-like transmitters are constantly emitting light omnidirec-
tionally and broadcasting their global positign; $, via IR =1t t) A3)
communication. A simplied MP3 is trying to determine its
relative bearing, distance, and elevation to the transmitters\&gh this information, we could theoretically nd the global
well as its global position. The MP3 is modeled as a solid bo@osition p of the MP3 by incorporating the calculated relative
rotating at a constant angular velocitg, and is equipped with distance and elevation angles with the communicated absolute
three light receivers with planer elds of view (FOV), i.e. apositions of the transmitterss(; ).
receiver will only pickup light signal when the transmitter is Fyrthermore, if we have a small uncertaintyfor all timing

in its FOV. Two ||ght receivers (rlght and |eft) are Oriented'neasurements, we can also obtain uncertaintylof 1, and
orthogonal to the MP3 horizontal plane, and one light receivey, as follows:

(middle) is oriented at an angle X from orthogonal. As the
MP3 rotates, its left, middle, and right receiver will pickup

(b)

signals from transmitter 1 at tinte, ; tyu; tir respectively, so ra: t
. . . ra é*j (4)
we can determine the distance and elevation angle between 2R
the MP3 and transmitter 1 as: ) Bot cod 1! (5)
2 = 2! t (6)
R
i = sin(! (tir  t1)=2) @ while , and , are on the same order of magnitude as
tan 1 = sin(! @ty tir ti)=2)cot @) I { and are not very sensitive to relative position between

robots, |, is proportional tarZ, meaning that the localization
We can obtainr,; » from transmitter 2 similarly. Further- is more accurate when drones are closer to each other. This
more, at timet; = (ty + t1g)=2 andt, = (ty. + tyr)=2, feature is helpful for collision avoidance in dense swarms.



Unfortunately, non-ideal factors make the implementatiomo narrow linear apertures to create an approximate plane-
of this theory more complicated. These factors include noshaped FOV. In reality we have nite aperture and sensor sizes,
ideal sensor optics, limited time resolution constraints by the® the FOV is not a perfect plane; it has some thickness. So,
communications protocols, etc. instead of using the time when the receivers pick up the signal

2) Optical Design:When designing the optical system, wdrom the transmitters to compute the distance and elevation
want it to be as close as possible to the ideal theoretical model mentioned in section 1I-B1, we now use the time when
of omnidirectional point-source transmitters and planar FOMceiversstart to pick up the signal instead. The con guration
receivers while keeping the design as simple as possible. of the apertures and the corresponding FOV are shown in Fig.

For the transmitter, we used three closely placed side
view LEDs, oriented 120 degrees apart, to approximate aBoth the inner and outer apertures are important for creating
omnidirectional point light source. Moreover, MP3s have a planar-like FOV. For the inner aperture, we want to increase
light-blocking, cylindrical-shaped chassis, so if we only placies size to allow enough light to pass through. However, a
one transmitter on top of the MP3, other MP3s will not be ableite-size inner aperture combined with a nite-size sensor
to receive the light when below it as the light will be blockedreates a penumbra, where the light strength is reduced and
by the chassis. The condition is similar when we only placgries depending on the direction. This introduces uncertainty
one transmitter at the bottom. To address this issue, we plaetbut whether the signal will be received or not, which affects
two transmitters on each MP3, one above the chassis and ¢t accuracy of position sensing. Therefore, we also want to
at the bottom, increasing the region where the transmitter coldelep the inner aperture small to reduce this uncertainty. On
be seen, as shown in Fig. 6. the other hand, the outer aperture determines the FOV of the

sensor, which in uences how many transmitters could be seen
<|_" at the same time and how long a transmitter will be in sight
Only top TX in a single rotation. These parameters are more important to
communication and will be further explored in section 11-B4.
\ Eventually, we set the inner aperture sizet@5 5mm,

c N > horizontal FOV to 10 , vertical FOV to 50 , and the tilting

E E e angle of the aperture on the middle receivel®.
f ' 3) Electrical Design:MP3 can only receive messages from
Bottom TX others when its receivers are facing a transmitting MP3. MP3s
typically spin at 25Hz and each of their receivers havel®
horizontal FOV, meaning that, in each revolution, a MP3 only
has approximately 2-5ms to communicate with another MP3,
Fig. 6. Transmitters' coverage region's cross section. Blue and orange regi@d in the worst case scenario this gives a communication
are where the receiver_on another_MPS can receive the signal_ from the lapency of 40ms. To facilitate communication with multiple
and the bottom transmitter respectively, and the green region is where bRifbas using time division multiple access (TDMA), each MP3
could take no more than 500~1000us to transmit all necessary
information to a receiver. If we want to communicate tens

Top TX —P &= can be seen
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be seen
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can be seen

Penumbra

=
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- of bytes over this period, we need a system capable of

communicating at around 1Mbps. This means that we could
not use commercially available IR transceivers but had to

implement our own.

Heavily constrained by space, weight, power, and limited
available hardware solutions for optical communication, we
decided to use a relatively simple communication method:
transmitters can only transmit information by turning on and
25° off LEDs, and the receivers will pass the analog received

signal through a comparator and convert it back to a binary
= signal before being processed by the on-board microcontroller.
+10° With these constraints in mind, our transmitter and receiver
(b) circuit are designed to facilitate high frequency (-3dB analog
bandwidth of 10.5M) modulation and reliable reception of IR
Fig. 7. The receiver's optical structure. (a) shows the structure of the l&ffjgnals in multi-point to multi-point communication scheme
o e e o e, e eceter ™er 5 50om free space. | |
horizontal and 50 vertical. The middle receiver's aperture is tilted By . Transmitters are 940nm IR LEDs driven by FETSs, offering
high peak power and fast response [32]. Each LED consumes

For the receiver, we used three high sensitivity IR photodrO0OmA when turned on, and has a rise and fall time of 8ns

odes to sense the IR signals, and each of them is placed befind 4ns, respectively.

09F




and 400ns if sent by the bottom transmitter. This design helps
with communication because when a MP3 can see both the
top and the bottom transmitter on another MP3, it can still
correctly receive the message. Furthermore, during sensing, a
MP3 will know whether it is looking at the top or the bottom
transmitter on another MP3, and can subsequently compensate

for the elevation difference to obtain the actual relative position
Fig. 8. Circuit architecture of the receiver. Amp. and A.L.C. stands f%etween MP3s

ampli er and ambient light cancellation respectively. . . .
Transmitters send packets at an irregular interval to enable

pure ALOHA [33] multiple access. The time between two
3onsecutive transmissions is randomly picked in the interval

The receiver circuit is shown in Fig. 8. .PC.B layout an o; 50~100us so that each MP3 is transmitting 20% of the time
Iter are designed to reduce electromagnetic interference 0

: : On average. This means congestion will not be signi cant when

the motor and Iter out almost all environmental light. Th - S o
- ; . two MP3s are within the communication range and viewing
analog part of the circuit has a gain of 67mV/uA, an mpué le of a MP3. As we have mentioned in section II-B3
referred noise as low as 36nA RMS, and a -3dB passband. op ’ '

o . g in each revolution a MP3 will have approximately 2~5ms to
[0.42MHz,10.5MHz]. The overall circuit can reliably pICkuF)c?)mmunicate with another MP3, and a transmission interval

photocurrent as low as 140nA, enabling all manufacture .
) 0l 75us means an MP3 can transmit about 100 bytes per
MP3s to communicate across at least 50cm free space with -~ . . . o .
: T ._"revolution, allowing us to transmit the position estimates of
more than 95% success rate using non-directional transmis L . . .
and recention 3s for localization (6 bytes) while leaving enough capacity
ption. for other task-related information. Though limited compared

It is worth noting that while the system is capable of COMH modern communication systems like WiFi, it is adequate

municating over 2m if we remove or enlarge the apertures, We oo cuting a wide range of swarm algorithms which often
want to limit the communication range to prevent congestich not require high bandwidth between agents

issues in communication. We want drones to be as close G-, ithermore, a message interval of 50~100us means the res-

each other as possible to create a dense swarm, so we exBRklon for timing measurements, ; t1y; tir is also 50~100us,

robots to be around 30cm away from each other, and that;.p, corresponds to an angle resolution of @5~Such
motivates us to arti cially limit the cpmmunlcatlon range toangle resolution is just enough to obtain useful distance
aroundl:5  the average expected distance, or around S0CReas rements (<2cm RMS error when the distance between
4) Communication Protocol Designiwhen designing the Mp3s is 30cm). If we increase the FOV of the receivers or
communication protocol, we want it to be general-purposgsduce the time between transmissions, multiplexing ability
to be simple to implement, to have multiplexing ability, angyill be reduced; and if we decrease the FOV or increase the
to provide accurate enough timing information; tim; tair 10 time between transmissions, MP3s will not be able to transmit
facilitate position sensing. as much information in a single rotation. Furthermore, if we
To make our protocol general-purpose, we want it to handlecrease the time between transmissions, we will also lose
messages of different length and content in the same way. Tpissition sensing accuracy.
would allow a MP3 to receive communicated positions from The modi ed PPM and the parameters we chose for commu-
other MP3s, as well as other task-dependent messages in futication also keep the power consumption of transmission in a
work. A natural approach would be to use packets: a completeasonable range. As the LED is only on for 4% of the time on
message is transmitted in one or multiple 30-bit packets, eamberage, the total power consumption of the two transmitters
containing 2 bytes of data and additional metadata like the IB0.5W, about 5% of the total power consumption of a ying
of the MP3 transmitting the message, the ID of the packé#P3.
the cyclic redundancy check (CRC) value of the message, etc5) Global Localization Algorithm:We can now bring ev-

A MP3 can obtain timing information by looking at when iterything together. In section 1I-B1, we have already presented
starts to receive packets from another MP3. the basic theory to use the time when we received messages
We used pulse position modulation (PPM) for transmittinfjom other transmitters to determine relative position. The
packets because it requires the LED to be on for less amounpgtical and electrical designs (section 11-B2 and section 11-B3)
time compared to other alternatives like pulse code modulatigteke MP3s as close to the theoretical model as possible.
(PCM) or pulse width modulation (PWM), and PPM carrinally, we can use the proposed communication system

be decoded faster on the microcontroller (ESP32-PICO-D4$ection [I-B4) to obtain the global position of neighboring
Data are modulated in a modi ed 4-PPM format, where ead¥iP3s. In this section, we present a simple way of using these
symbol encodes 2 bits of data and lagks 20mns, and relative distance and angle measurements and neighboring
a 200ns gap is inserted between symbols for the easeMJP3s' global position information to determine MP3's global
decoding. The top and bottom transmitter start transmissipasition. We execute localization in three steps to simplify the
at the same time and transmit the same content, but last putegputation without sacri cing much accuracy:

duration is 200ns if the packet is sent by the top transmitted) Determine the angular velocity using the time when



MP3 is facing different transmitters in the last and secongheref is the summation in (8). We can also create a simple

of the transmitters being seen in both the last and second
last revolution. p p

2) Determine the global horizontal positiss ; sy and the xy = TCov(sx;sy))=2= 1 2f(sx;sv)=2 (10)
time ty when MP3 is facing®™ direction using angular which is the root mean square (RMS) of uncertainty in X and
velocity of the drone! , the global horizontal position Y direction. For simplicity of computation, in the third step
of the transmittergfi ) xy , the time when MP3 is facing we will considersy ; sy as independent random variables that
these transmitterg, and the measured relative horizontaboth have uncertainty ofyy .
distancer; . For the third step, we will determine the most likedy

3) Determine the global vertical position; using the usingf;sx;sy; i and i's uncertainty ,, but this time a
estimated global horizontal positiosk ; sy, the global analytical expression could be found:
position of the transmitterg, and the measured relative

elevation angle ; A Pt 2
t . . . ) ((ﬂ)z T 9 tan i) i
In the subsequent discussion, we make the following as- Sy = i=0 (11)
sumptions: A
a) MP3's geometric axis is always vertical, and it spins i=0

i i i . . P
along its geometric axis. o where | is the uncertainty ofg)z 2+ Ztan |
b) MP3's angular velocity changes slowly (i.e. is constant

for a short period of time). S _

c) MP3's position changes slowly. F=( xy tan )P+( %+ \2”c0§| -)? (12)

d) All measurements, including the relative distance mea- . !
surements;, relative elevation angle measurements Due to manufactL_erg error of apertures and the p_Iacement
and the time when MP3 is facing other transmittrs ©rror of IR photodiodes, while the overall trend given by

have Gaussian error distributions and the errors are sméh:2:4,5) is still valid, the exact value computed using these
equations will have signi cant error. So instead of using these

The rst assumption will introduce error into vertical position . . . . o
estimation as MP3s' geometric axis and angular veloci quations directly, we determine the equations for obtaining
v iy r; and . from raw timingti; tiv; tir in a calibra-

axis will deviate slightly, but usually they are only off by atiio,n experiment. In the experiment, we place a transmitter
few degrees and we are willing to sacri ce the precision in P : P ' P

vertical position for faster computation. The second and thi different relative positions to a rotating MP3, record the

assumptions are quite accurate as in experiments the angdiaf ¥ datati;tim; i, and nd appropriate functions for
- i; r;;  that ts the data.

velocity changes by <0.5% and the position usually Chamgréslni,exrie’riments we additionally applied an exponential lter
by <5mm in one revolution. While the measured variables. P ' y app P

are not strictly Gaussian distributed, the fourth assumption%tregrl?fecg:;s;a;;gfcg'Oizii?ori;?;]a;:s POSIBRI Sy ; S7
added for ease of explanation without compromising the core P '

idea. C. The Mechanical System
For the rst step in the localization procedure, we have  The overall mechanical design of MP3 is similar to the

2N original Maneuverable Piccolissimo described in [27], but with
I = N (7) afew changes.

(ti t9

i=1

For the second step, we will determine the most likely
tx;Sx;Sy given §;ri;t; and their uncertainty estimates

ri» t-

R g+ § L aan( i v) Lt t)
2

argmin R

tx;Sx ;Sy =1 ri
(8)
where x =(f)x Sx:; vy =(8)y Sy.We cancompute
it on the microcontroller using gradient descent at a relative
low cost. The covariance matri€ov(sy ;Sy) of sx ;Sy is Fig. 9. A Photo of the launcher.
given by
In MP3, we do not have the mechanism for changing the
Cov(sx;sy)=rr f(sx;sy) (9) center of mass during launch like in [15], so we used a



launcher (shown in Fig. 9) to spin up the drone at takeoff
to achieve fast and repeatable launching. The gripper on the
launcher seizes the MP3 during the motor's spinning process.
Once the MP3 reaches suf cient angular velocity and can
maintain stability through the gyroscopic effect, the servo
motor on the side of the launcher will hit a lever to release the
key that secures the gripper. Subsequently, the pre-compressed
spring will decompress and swiftly disengage the gripper in
5ms, launching MP3 into the air.
Several other changes include: a brushless motor instead of
a brushed motor to improve longevity and battery life, carbdrg. 10.  Setup for position holding experiments. Blue arrows mean the
ber-infused nylon for chassis to reduce weight and increadgacons can communicate with the MP3. Figure is not drawn to scale.
strength, and wings added to the side of MP3 to improve

ivi ility and r rotation r. . . .
passive stability and reduce rotation rates remain at a prede ned set point at the center of the three

D. The Control Method beacons. The setup is shown in Fig. 10. We plot the reference

MP3's control method is similar to the method employeéfajectories of MP3 in all ights in Fig. 11. The trajectories
in [15] Speci Ca”y’ MP3 generates two unique motor powemdicate successful and stable pOSitiOﬂ holding, since MP3
commands per drone rotation to reconcile desired acceleratiéh$taying within 30mm around the origin most of the time
(both lateral and vertical). The average of the motor powéf contrast, the radius of MP3 is 56mm). The root mean
commands determines the average vertical thrust and vertig@vare error (RMSE) of the drone's reference position is
acceleration. The difference in motor power commands afl?.6,22.5,12.7tmm in X, Y and Z direction respectively.
the switching time between commands determine the torque
acting on MP3 which tilts the drone, resulting in horizontal
acceleration. However, the drone does not have independent
control of its tilt and position and does not have control over
its yaw angle. In addition, because we are controlling MP3's
position using only thrust and tilt, the drone is not suitable
for very agile and dynamic motions. Despite the limitations
in dynamic motion, we believe its control should be suf cient
for many swarm behaviors such as studying human-swarm
interaction, 3D shape formation, and ocking. Note that MP3s
are spinning too fast for most lightweight IMUs or gyroscopes
to operate, so we use lateral acceleration to estimate the tilt.

Despite the overall similarity, a number of details in timing
of motor commands, lItering of position, velocity, and acceler-
ation, and the PID parameters have been changed to suit MP3's
particular case. Details can be found in the implementation
repository [34].

Ill. DRONEFLIGHT EXPERIMENTS

We validated the proposed communication and sensing
system in several series of experiments. In the experiments,
we chose the beacons and MP3s' position so they never block
the communication of each other and can ensure three beacons
or drones are always in sight of each MP3.

For each experiment, we collected the reference trajectory
of the MP3s using two cameras, one over the apparatus

and one on the side, and we also recorded the estimated . . . » ) )
11. Reference trajectories of MP3 in 6 position holding experiments.

. L . ig.
tra]e.Ctory of the MP3 which is computed qn-board using On&nes of different colors represents trajectories of MP3 in different runs. The
relative measurements and data communicated through ourgte area's size matches the size of MP3, and the red dots mark the target

communication system. Data are recorded after MP3 is yirgpint

steadily, about 10~20s after launch. o o
A way to evaluate the precision of localization is to calculate

A. Position Holding Experiment the error between the robot-sensed trajectory and reference
In the position holding experiments, MP3 localizes itseliajectory. Fig. 12(a) shows the distribution of the localiza-
by sensing three neighboring beacons. MP3 then tries tion error in X, Y and Z direction, which resemble normal



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

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.

Fig. 13. Setup for horizontal and vertical movement experiments. (a) shows
o . . . the setup for the horizontal movement experiment, and (b) shows the setup
distribution with = f2:4;2:0;3:6gmm respectively. This for the vertical movement experiment. Blue arrows mean the beacons can
suggests that our sensing system and localization algoritisammunicate with the l\(;IP3, and gr(leen arrows show the target movement
can achieve millimeter level accuracy. The distribution’s offsdf/ectory- Figure is not drawn to scale
in X and Y direction may be due to inaccurate calibration of
the camera over the entire ight arena or slight displacement gf Horizontal and Vertical Movement Experiment

the beacons, and the offset in Z direction may also be caused\ .o movement experiments, instead of remaining at a po-

by the. MP3's tilt L L sition, MP3 moves between way points. The setup is shown in
_ Besides the localization errors distribution, we are alsgiq 13 MP3's reference trajectory and its Y coordinate versus
interested in the spectrum of error, as the higher frequen@ye in the 6 horizontal movement experiments are shown in
components in error will be amplied more when we takg-jy 14 Mp3's reference trajectory and its Z coordinate versus
derivatives to compute the velocity and acceleration. We spiifne in the 6 vertical movement experiments are shown in
the obtained trajectory data into chunks of 5 seconds apfl) 15 The experiments clearly show that MP3 is capable of

resample them at 100Hz. We then compute the discrete FOUfghrolled motion in 3D using the on-board communication
transform (DFT) of the error samples and plot the RM§4 sensing system.

density of error signal at different frequencies in Fig. 12(b).
The lower frequency (<2Hz) components are dominated §y Peer-to-Peer Communication and Sensing Experiment
systematic error like the inaccurate placement of beacons oin this set of experiments, we demonstrate the capability of
inaccuracy in the functions that converts tirhg ;tiv ;tir ~ MP3 to do peer-to-peer communication and sensing. The setup
to distance and elevation angle. These sources are depengeshown in Fig. 16. Unlike in previous experiments, MP3 #1
on the position of the drone which is slowly changing. Thg actively transmitting its current sensed position to MP3 #2,
higher frequency (>2Hz) components, however, mainly conagting like a beacon. In software, we made sure that MP3 #1
from the discrete and random nature of timing measuremegti only communicate with the rst three beacons, and MP3
ti;tim ;tir. Because the error of timing measurement i82 can only communicate with the last two beacons and MP3
different and nearly independent in every relative distangg. MP3 #2 will record two sets of position estimates, one
measurement, the spectrum of the position error caused d&ing both the information from the beacons and the relative
this factor will spread to higher frequency range. measurements and position estimates of MP3 #1, and another
The high-frequency error component signi cantly effectsising only the information from the beacons. The horizontal
the drone's stability during hovering. When it is much highergference trajectory of MP3s in all 7 ights are shown in Fig.
it will introduce a large error in velocity and acceleratiorl?.



Fig. 16. Setup for peer-to-peer communication and sensing experiments.
Blue arrows mean the beacons can communicate with the MP3, and purple
arrows means the MP3 can communicate with its peers. Figure is not drawn
to scale.

Fig. 14. Reference trajectories of MP3 in 6 horizontal movement experi-
ments. (a) and (b) show the trajectory, and (c) shows the Y-T plot where the
thick red line is the target trajectory.

Fig. 17. Reference trajectories of MP3 #1 and MP3 #2 in 6 peer-to-peer
communication and sensing experiments. The MP3 on the right and left are
MP3 #1 and MP3 #2 respectively, and their respective trajectories in a single
run are shown in the same color.

We are especially interested in the ight performance of
MP3 #2 horizontally, which most directly shows the effect of
the information provided by MP3 #1. The localization error's
distribution in X and Y direction with or without peer-to-peer
information is shown in Fig. 18(a) and (b). While the peer-
to-peer communication has little impact on the localization
accuracy in Y direction, it reduces the RMS error of local-
ization in X direction by approximately 50%. This result is
consistent with the uncertainty given by (9).

We could also plot the spectrum of localization error in
X direction in Fig. 18(c). It shows that the peer-to-peer
communication and sensing with MP3 #1 helped to reduce
the high frequency component by 6dB or 50%. This reduction
in high frequency error is crucial for MP3 #2 to stay stable.

In fact, if there is no MP3 #1 and MP3 #2 is only
localizing itself using two beacons, MP3 #2 will soon lose
position stability due to the error in velocity and acceleration

estimations.
Fig. 15. Reference trajectories of MP3 in 6 vertical movement experiments.
(a) and (b) show the trajectory, and (c) shows the Z-T plot where the thick IV. DISCUSSION
red line is the target trajectory. . . .
The MPS3 prototype is designed to test the feasibility of
the communication, sensing, localization, and ight control



Improvement could also be made to the localization and
control system. We can create a more accurate sensing system
by reducing! . 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

Fig. 18. Distribution and spectrum of localization error of MP3 #2 in peecommunication and sensing system, MP3 is about 50% lighter

to-peer communication and localization experiments. (a) and (b) show figan the lightest drone known to the authors that has relative
localization error's distribution where MP3 #2 has used and not used peer-

to-peer information for localization respectively. (c) compares the Y directidd0Sition sensing capabilities of similar accuracy [35]. Having

localization error's spectrum in different scenarios. The purple dot dashtlese three key capabilities, MP3 is theoretically capable to
line in (c) shows the spectrum of Y localization error in position hOIdin%Xecute a wide variety of swarm tasks like collaborative search

experiment (Fig. 12(b)), and the thicker lines in the background are the linear . . L
ts of high frequency components. or shape formation in a fully distributed manner.
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