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Abstract— As micro-drones become increasingly deployed in
indoor environments for applications ranging from warehouse
inspection to emergency response, the challenge of precise au-
tomated landing emerges as a crucial barrier to their practical
operation and ubiquitous adoption. Existing landing approaches
often require complex hardware and substantial computation
or perform unreliably indoors, making them impractical for
palm-sized microdrones. We propose Moth, a low-cost infrared
light-based solution that targets precise and efficient landing of
low-resource microdrones. Moth consists of an infrared light
source at the landing station along with an energy-efficient
photodiode (PD) sensing platform attached to the bottom of
the drone. At a cost under 83 USD, Moth achieves comparable
performance to vision-based methods but at a fraction of the
energy consumption and computation. Moth requires only three
PDs without any complex pattern recognition models to land
the drone accurately, under 10 cm of error, from up to 11.1 m
away.

I. INTRODUCTION

The proliferation of drones in ubiquitous computing, from
smart warehouses and hospital delivery systems [1], [2], [3]
to factory asset tracking [4], [5], [6] and personal assistants
[71, [8] , demands reliable autonomy in GPS-denied, dynamic
environments. These applications often require compact, ag-
ile platforms. Palm-sized microdrones are uniquely suited for
navigating challenging environments such as tight hospital
corridors or cluttered factory floors. However, drones face
significant operational constraints: consumer-grade models
typically operate for only tens of minutes, while smaller
indoor drones manage just a few minutes of flight time and
can carry only tens of grams of payload [9], [10]. This
creates a critical barrier to achieving precise landings for
mission-critical operations, such as autonomously docking
on charging stations or inspecting machinery, without relying
on bulky, energy-intensive sensors that exceed the drone’s
power and weight budgets.

Existing landing approaches have proved impractical for
such ubiquitous deployment of microdrones in everyday
environments. Currently, most autonomous landing systems
rely on GPS-based “return to home” functionality, which re-
quires large landing areas to accommodate GPS inaccuracies
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Fig. 1: Moth seeks light, lands drones precisely.

and is ineffective indoors where GPS signals are blocked.
While there are works that target drone landing using vi-
sual markers, wireless anchor points, or acoustic-based ap-
proaches, they often present trade-offs for palm-sized drones.
For instance, while platforms like the Bitcraze Crazyflie
can support UWB-based localization or carry lightweight Al
decks for onboard image processing, these solutions can still
impose constraints on the overall cost, payload, and power
budgets of resource-constrained microdrones. Furthermore,
vision-based processing often suffers in low-light environ-
ments, and UWB systems require specific hardware setups.
Therefore, there remains a need for a landing system that
prioritizes simplicity of setup, ease of deployment, ultra-low
cost, and robust performance in visually degraded (e.g., low-
light) environments.

Leveraging infrared (IR) light to guide and land drones
is advantageous over camera-based methods because IR lies
outside the visible spectrum and is not affected by ambient
light (e.g., at night). Existing IR-based guidance and landing
systems generally use IR beacons along with an IR camera
to perform pattern recognition. Like RGB camera-based
systems, this requires comparatively expensive cameras.

We propose Moth, a low-cost, energy-efficient, IR-based
platform for autonomous and precise drone landing, inspired
by insects that seek light as shown in Figure 1. Moth targets
microdrones that are often smaller than palm-size with low
battery life to support active or high resolution sensing.
Moth consists of two simple hardware components: 1) a
landing station with an off-the-shelf IR light bulb, 2) a
small PD array on the drone to guide it to land, even in
partially non line of sight scenarios. Unlike camera-based
methods that require hundreds of thousands of pixels to
perform pattern recognition, Moth leverages weighted light
intensity from multiple PDs at close range, and sweeping a
single PD to detect light direction at long range. As such,
Moth simply requires light intensity sensing without complex
pattern recognition while acoustic and RF methods typically
need to handle multipath issues. Our main contributions are
as follows:

« Low-cost and practical hardware-software IR landing

17619



solution: We present Moth, a bio-inspired, end-to-end
platform for precise autonomous landing targeting low-
resource palm-sized microdrones. At a cost under 83 USD
and weighing less than 18 g, it provides a highly accessible
and easy-to-deploy alternative to more complex UWB
or vision-based setups, particularly excelling in low-light
environments.

« Efficient guidance and landing exploiting the drone’s
mobility. We introduce a novel bio-inspired method to
guide the drone to the landing station by exploiting the
drone’s mobility and using onboard photodiodes (PDs).
Unlike vision-based approaches that require complex pat-
tern recognition, Moth steers the drone toward the highest
light intensity using only a few PDs, enabling efficient and
accurate landing with minimal computation.

« Demonstration in real and partially non-line-of-sight
settings. We deploy Moth in a variety of realistic indoor
environments, and demonstrate comparable landing per-
formance to existing vision-based approaches at a fraction
of the energy cost (uW level vs mW level for vision-based
methods), from up to 11.1 m from the landing station.
Moreover, we demonstrate successful guidance in several
non-line-of-sight scenarios where the drone begins at a
position that is occluded from the light source.

II. RELATED WORK

Drone Localization. Besides using traditional GPS / GPS-
RTK based methods, researchers have explored RF methods
to localize drones. However, most of these localization
methods suffer from accuracy issues, with 3-D localization
errors at best in 10s of centimeters. Additionally, GPS-based
systems see limited accuracy in indoor scenarios and other
types of wireless localization schemes (e.g., WiFi, ultra-
wideband (UWB), active acoustic sensing) [11], [12], [13],
[14] have limited operation range and require additional
hardware support that palm-sized drones often cannot sup-
port computationally. Works that leverage vision to localize
a drone often have limited field of view and see performance
degradation in low-light conditions [15], [16]. Additionally,
leveraging passive audio sensing to localize drones often
suffers from the interfering noise of the propellers[17], [18].
Localization for Drone Landing. However, when the appli-
cation requirements shift from general localization (needing
to know (X, y, z)), into moving the drone onto a specific
location, precise localization for drones becomes easier. To
guide the drone to a landing target, researchers have lever-
aged markers, beacons, and anchors with varying modalities
including UWBJ[19], [20] and visual objects and markers[21].
Placing a visual marker at the landing station reduces the
landing problem to needing to estimate the relative location
of the drone to the landing target[22]; as such, the most
commonly used method for autonomously landing drones
is to use RGB cameras on the drone to locate a pattern,
usually a QR code, placed on the target landing location [23],
[24]. These systems achieve high accuracy and have been
deployed in commercial systems, such as in Google’s project
wing [25] for package deliveries. However, despite the high
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Fig. 2: Measuring light fields generated by IR light bulb.

accuracy, camera-based approaches running computer vision
algorithms incur a computational cost often not supported by
small microdrones, and methods that leverage visible light
often experience degraded performance in low-light condi-
tions (e.g., at night) and cluttered scenarios (e.g., in an office
or home setting). [26], [27] propose approaches that emit
acoustic pulses to localize and guide drones. While this class
of methods can overcome reduced performance observed
by vision-based approaches in low-light scenarios, emitting
a signal for active sensing requires additional payload and
resources beyond what a typical microdrone can provide.
Infrared Methods. There are several works that introduce
IR-based methods for localization . Works that leverage IR
to guide and land drones typically leverage IR tags[28], [29],
[30] or LED matrices[31], [32], [33], [34] to create patterns
that the drone can detect. These methods still require the
use of a full IR camera, often in conjunction with other
sensors such as RGB cameras, lidar, and IMU to be effective.
This incurs heavy sampling, compute, and price cost. On the
contrary, our work focuses on drone landing and guidance
with only IR light. Additionally, we reduce the number of
sensor channels from hundreds of thousands pixels to three
or less, while providing accurate guidance without complex
pattern recognition.

III. METHOD

Our approach is inspired by how moths, despite poor eye-
sight, navigate toward light by sensing changes in intensity.
We focus on resource-constrained drones with a simple "one-
pixel camera"—a photodiode.

A. Pilot Study with Simulation

We began with a simulation to validate the feasibility,
using data from an actual infrared light source measured in
the real world.

Experiment Setup: The measurement setup is illustrated
in Figure 2 (left). It consists of a light source positioned
at the center of a frame, which is constructed from two
camera sliders arranged in a 2D grid. For data acquisition,
a downward-facing photodiode (PD) was connected to a
Raspberry Pi to collect light intensity readings. An HTC Vive
VR controller[35] was used to obtain precise spatial locations
for each measurement. The light field was measured at
various heights by adjusting the vertical position of the light
source relative to the ground.

Light Field Characterization: Figure 2 (right) shows the
light field of a Commercial-Off-The-Shelf (COTS) IR light
bulb at a specific height along with cross-sections on the
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Fig. 3: Landing performance simulated Gazebo.

X and Y axes. While we tested other light fields (using
vertical-cavity surface-emitting laser (VCSEL) and diffuser
lenses), the IR light bulb generates a field that is concave and
centered around the light source, similar to a Gaussian curve.
This concavity is ideal as it enables the drone to determine
the direction of the landing target simply by moving toward
increasing light intensity, without needing prior knowledge
of the light field.

Gazebo Simulation: We built a drone landing simulator in
Gazebo with a simple light-field gradient ascent algorithm.
In the simulator, four photodiodes (PDs) are uniformly
distributed around the drone, and their measurements are
used to perform gradient ascent on the light intensity by com-
manding the drone’s movement. In the simulation, the drone
consistently hovered at or near the peak intensity (the light
source), regardless of its starting location. Figure 3a shows
the time required for the drone to reach the light source
from various starting points up to 1.8 m away, confirming
that the landing time is positively correlated with the initial
distance. Six sample trajectories from different start locations
are shown in Figure 3b, all of which successfully converge
on the light source, indicated by the red dot at the origin.

B. Sensing from Drone

Building on the feasibility demonstrated in the previous
simulation, this section addresses the practical design of the
drone’s on-board sensing system. We systematically inves-
tigate the optimal number and arrangement of photodiodes
(PDs) required for landing.

Photodiode Sensing Configurations. There are intuitively
two potential configurations: Array of PDs (ArPD) and
Single PD, as shown in Figure 4.

a) Array of PDs (ArPD): Placing an array of PDs on
the drone, that are spread out, allows the drone to leverage the
spatial diversity to localize the direction of the light source.
Figure 4a) shows an array of 6 PDs (ArPD 6). As an example,
if the light source is on the left side of the drone, the PDs on
the left side (PD3, 4 and 5) will see greater intensity, which
will be the direction that the drone moves.

To determine the direction of drone movement, we repre-
sent the position of each photodiode (PD) as a unit vector
u; relative to a chosen reference point (e.g., the drone’s
center). Each vector is then scaled by the corresponding light
intensity measurement PD;, which reflects the measured

light intensity at that PD. Summing these scaled vectors
yields a resultant vector that captures the net directional
influence of the light field. Finally, normalizing this vector
ensures that the output D is a unit vector pointing in the
overall direction of motion, as shown in equation D =
iy PDi
[=X, PD; i
b) Single PD: This configuration compensates for the
lack of an array by utilizing the drone’s mobility. By placing
a single off-centered PD and sweeping 360 degrees along its
yaw axis, as shown in Figure 4b, the drone effectively creates
a virtual array by sampling the light field from multiple
angles. The drone then identifies the direction of maximum
intensity and moves towards it.

This approach presents a clear trade-off: while it reduces
cost, power consumption and payload, these benefits sacrifice
the time required for the drone to stop and perform a
full rotation before each movement. More critically, the
method’s reliance on precise, controlled movements is a
significant challenge for small drones. Their intricate con-
trol systems constantly make micro-corrections for motor
variations, airflow disturbances, and sensor drift, leading to
slight oscillations. These control inaccuracies, while minor,
are difficult to correct and can severely degrade landing
accuracy, particularly when the drone is close to the landing
station and about to land.

Number of Photodiodes. We analyze the impact of the
number of PDs on the landing performance using our drone
and light field simulator (Section III-A). Figure 5 shows a
heat map of the required time to land from different starting
points in the x-y plane at a height of 1.1 m, as well as several
example trajectories, while varying the number of PDs in the
array. In all cases the drone is able to trace to the light source
at origin regardless of the number of PDs being used. While
the average landing time slightly increased as the number
of PDs was reduced. The difference between using 3 PDs
versus 6 is about 80 ms, which is almost negligible.

Angle of Photodiodes and Operating Range. In the pre-
vious measurements and simulations, we assumed that the
PDs are facing downwards. However, PD readings depend
significantly on the angle of the incident light on the sensor.
This depends on 1) the distance away from the light source
and 2) the angle of the PD on the drone, as illustrated in
Figure 6. We take measurements at multiple distances from
the light source, at a height of 1 m, and sweep the angle of
the PD from 0 degrees (side facing) to 90 degrees (downward
facing). When the drone is far from the light source (> 1.5
m), the PD sees the most light intensity when it is side-facing
(0 degrees), since the incident angle of light on the sensor is
smallest (e.g., the light is hitting the PD directly). However,
as we move closer to the drone, we see that this peak shifts
to a greater angle until the drone is within around 1 m.
Within this range, the PD is completely downward facing
(90 degrees) and measures the greatest light intensity. As we
will see in Section V, the angle of the PD greatly impacts the
operating distance or range from the landing station where
Moth can reliably guide the drone.
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C. Proposed Motorized PD Approach

As discussed in the previous section, the angle of the PD
should ideally be adjusted depending on how far away the
drone is from the light source at the landing station. As
such, we incorporate a motorized PD (MPD) whose angle
can be tuned by the drone. Additionally, we also attach
two additional downward PDs on the drone as shown in
Figure 4c) in an equilateral triangle shape. We noticed that
when the measured intensity of the two downward facing
PDs exceeds the intensity of the motorized PD, the drone
is within a distance from the landing station where an array
of downward facing PDs can accurately guide the drone to
land. This is because when the incident angle of light on the
downward facing PDs is greater than an angled PD when the
drone is close to the station as shown in Figure 6. Hence, we
use these two additional PDs to determine when to switch
from the single motorized PD to an array of PDs for the
final leg. We use an array of PDs for the final leg, rather
than a single PD. This method combines both the benefits
of a single side facing PD, for guidance at long range, along
with an array of downward facing PDs at short range.

The full landing procedure is as follows. The drone
first performs a yaw sweep, spinning 360° in place and
orienting the motorized PD toward the direction of maximum
light intensity. It then conducts a polar sweep, adjusting
the motorized PD across elevation angles and pointing it
toward the angle of maximum intensity. During the forward
tracking phase, the drone moves forward while dynamically
adjusting the PD angle in proportion to the rate of increase in
measured light intensity, ensuring continuous alignment with
the source. Once the two downward-facing PDs measure a
stronger intensity than the motorized PD, the system enters
the final leg, where all three PDs function as an array of
downward-facing PDs (ArPD) to guide the descent. Finally,
when the intensities across all PDs converge, the drone is
positioned directly above the light source and performs a
controlled descent to complete the landing.

1V. IMPLEMENTATION
A. Platform for Sensing Light Fields on Drones

Hardware Platform. We implemented our design as a
lightweight, attachable module, making it easily integrable
with existing drones. As shown in Figure 7(a-b), we mounted
it to a DJI Mini 2, where one motorized PD is installed at
the front and the 6-PD array faces downward, arranged in a
hexagonal pattern. We use the TI OPT101 PD throughout
our design. To demonstrate our system’s versatility and
lightweight nature, we also created a palm-sized microdrone
implementation with 3-PD array as shown in Figure 7(c).
Impact of IR Height Sensor. Drones commonly leverage IR
sensors to measure the height from the ground. This typically
involves emitting and measuring the response of IR pulses,
which causes the measurements from the PDs to fluctuate
as the laser turns on and off, as shown in Figure 8(a). To
remove this interference, we take a rolling minimum average
to capture PD measurements when the IR laser turns off and
interpolate segments where the IR laser turns on.

B. Landing Station and Light Field Generation

Landing Station. To create the landing platform, we center
the IR light bulb underneath a 20 x 25 cm sheet of clear
anti-reflective glass that the drone will land on (as shown in
Figure 7d). We measure the effect of the anti-reflective glass
on the radiation pattern of the IR light bulb. Figure 7e shows
the intensity of the light field as a function of distance from
the center of the light source, at specific heights above the
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light bulb, with and without the anti-reflective glass covering
the light bulb. We see from our measurements that the glass
has minimal effect on the radiation pattern.

External Light Sources. We also measure the effect of
external light sources on the measured IR light field. Figure 9
shows our setup. We set a high powered lamp next to the
IR light bulb and measure the light field at 1.1 m above the
ground (Figure 9b). External light sources, like a lamp, can
emit high amounts of IR light in addition to visible light.
Using a spectrometer, we measured that the IR light bulb
emits high energy near 940 nm. We place filters on top of
our PDs to filter out light frequencies in other bands. The
impact of the lamp has almost been completely removed after
adding a 940 nm band pass filter (BPF) and an extra 780 nm
low pass filter (LPF) (Figure 9d).

Outdoors. The sun is a major ambient source of IR light
in outdoors scenarios. We observed that this causes the
PD to saturate. However, applying our 940 nm BPF and
780 nm LPF, shown in Figure 10, reduces the noise floor
significantly, and we can now observe changes in light
readings caused by the IR light bulb. Figure 10 measures
the X/Y cross section of our IR light field at various heights
and indoors vs. outdoors. In gray, we high light the operating
range, or the region above the noise level that is not flat. In
this region PDs can sense light from the landing station and
guide the drone. We see that this range varies depending
on the height of the drone from the ground, as well as the

orientation of the PDs, as we will discuss in Section V.

We see that the measured light field outdoors is almost
identical to the indoor scenario, except with a DC offset
caused by the extra environment light. Because our method
relies on light gradients or changes, rather than absolute in-
tensities to determine the drone’s moving direction, DC offset
slightly affects the performance of our system. Moreover, the
potential operating range of Moth also remains unaffected
between different lighting conditions. In summary, Moth
remains largely immune to different lighting conditions
or external sources of light in the environment.

C. Multiple Landing Stations

Certain applications may require drones to land at different
landing stations, which our current approach using standard
infrared light bulbs cannot satisfy. To distinguish between
landing targets, we apply a frequency-division multiplexing
approach: each landing station emits light at a distinct
frequency through a modulation module (Figure 11 (a)),
while the drone applies a rolling minimum filter on the PDs
to remove interference from the height sensor (Figure 8 (b)).

In our experiments, we set two landing stations to emit
at 5 Hz and 7 Hz, then applied a 512-point Fast Fourier
Transform (FFT) to separate the signals from each landing
station. Figure 11 (b) shows the FFT output when the drone
hovers above 5 Hz station with the signal from 7 Hz station
mixed in. The peak at these frequencies remained consistent
both with and without the drone’s IR light sensor noise,
showing minimum influence to FFT of the rolling minimum
filter described in Section I'V-A.

To verify that modulation maintains system accuracy, we
measured angle estimation error of the ArPD and MPD algo-
rithm, as shown in Figure 11 (c-d). Although FFT introduces
some noise, the accuracy is largely unaffected. The FFT
demodulation is implemented on the PD data acquisition
ESP32-S3 microcontroller, achieves a computation latency
of 2.079 ms, enabling real-time operation.

V. EXPERIMENTS

Final Leg Benchmarking. Figure 12 shows the estimated
direction of greatest light intensity using an array of 3 and
6 downward facing PDs (ArPD3 and ArPD6) at various
locations around the landing station, during the final leg,
with the drone hovering at 1 m. Due to symmetry and
limited space, we only present data from the first quadrant.
We take the ArPD6 and ArPD3 measurements in a real
indoor deployment on a DJI Mini 2 (ArPD6, Figure 7(a))
and custom designed palm-sized drone (ArPD3, Figure 7(c)),
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described in Sections IV and V. A vision landing baseline
is implemented on the DJI Mini2 drone using its RGB
camera and AprilTag. The baseline method has a rectangular
operating range due to the rectangular nature of images.
For our proposed approach, we see that adding more PDs
increases the working range of the downward facing PDs
(from 0.9 to 1.1 m). However, leveraging 3 PDs still gives a
greater range than the baseline.

Operating Range. Further differences between IR and RGB-
based approaches arise when looking at the operating range
in which each method can achieve these low errors; outside
of these ranges, the drone can no longer reliably detect
the location of the landing station. Figure 13 shows the
raw light intensity measurement sweeping 360 degrees along
the drone’s yaw axis, while hovering at 1.2 m. We see
that the upper and lower bounds of the operating range of
the downward facing (used in ArPD) and motorized PD,
respectively, are at 0.9 m away from the landing station,
which is exactly complementary to one another. We observed
that the motorized PD can still detect the direction of the light
source up to around 40 m, where it reaches the limit of the
resolution of the analog-to-digital converter (ADC) and far
exceeds the range of our vision baseline.

End-to-End. Figure 14 shows the end-to-end landing time,
landing location distance error, and distribution of landing
locations when deploying Moth in a real indoor setting with
normal room light. We compare palm-sized microdrone-
based ArPD3, COTS DIJI Mini2-based ArPD6 against an
RGB-camera-based solution.

The CDF of direction estimation errors measures errors
within the “operating range” where each method is capable
of accurately detecting and guiding the drone to the light
source. The landing time plots also reflect just this region.

At a typical height of around 1 m, Moth can reliably guide
the drone within 11.1 m to the landing station, as it leverages
complementary mechanisms (MPD when far and ArPD when
close) to cover the range, while camera-based method fails
past 1.07 m.

Landing accuracy and time. The average landing time
and error for each method within their respective operating
ranges are: ArPD3 (7.1 s, 9.2 ¢cm) , ArPD6 (7.3 s, 7.3
cm), and the baseline AprilTag method (8.3 s, 9.4 cm).
Metrics for the motorized PD are not reported because it
is used to guide the drone to the “final leg”, within 1.1 m,
before switching to ArPD, which is much more accurate at
close distances. ArPD3 achieves slightly lower landing error
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error. Bottom shows landing time against ground distance of

landing start point at different heights.
than the baseline camera-based method at a faster speed.

Increasing the number of PDs, ArPD6 has slightly higher
accuracy with similar landing time.

Power Consumption. The entire Moth system consumes
less than 0.5 W. This total is composed of the main
ADC+WiFi+MCU module (423.29 mW), the Fast Fourier
Transform (FFT) computation (23 mW), the servo motor
(idle 30 mW and 301 mW during actuation) and the three
photodiodes (PDs), which each add between 330 pW and
720 uW depending on the received light strength. This power
draw is negligible on drones, whose motors consume Watt-
level power (roughly 50 W for the DJI Mini 2 and 30 W
for Moth’s custom drone). Consequently, after outfitting the
DIJI Mini 2 with Moth, there was no noticeable change to
the drone’s battery life.

VI. DISCUSSION

Optimizing Methods and Algorithms. The landing meth-
ods proposed in this work guide the drone directly above the
landing station, before descending, essentially estimating 2D

Front PD

Drone
Re-scan .@"
. 360° Sweep ¢ 90° Sweep
@E@, Move Forward
2 4 4 ArPD
w — Landing
Trend Deviation Downward PD Dominates

Passed Obstacle Passed Landing Station
—Front PD Downward PD Left ——Downward PD Right

Fig. 15: NLOS navigation example process.

light gradients. In future work, we plan to explore more array
layouts and methods that allow the drone to travel in three
dimensions, enabling the system to descend while traveling
to the landing station. This could potentially reduce landing
errors and landing time by removing the final descent once
the drone lands at the center of the landing pad.
Extending to NLOS Navigation. The proposed method in
Moth also shows promise for navigating in partially non-
line-of-sight (NLOS) conditions, such as moving through
a doorway into an adjacent room. In these scenarios, the
drone navigates by treating openings as intermediate pseudo-
light sources, using the same method in the landing cases
as illustrated in Figure 15. Upon reaching the opening and
entering the direct LOS of the landing station, the drone’s
photodiodes detect an exponential jump in light intensity.
This distinct signal is used as a cue for the drone to stop,
reorient itself toward the actual landing station, and begin its
final approach.
VII. CONCLUSION

We propose Moth, a light-weight, efficient, and bio-
inspired method for landing and guiding drones using IR
light. Unlike existing vision-based and IR-based approaches,
Moth requires only an off-the-shelf IR light bulb, with no
modifications, at the landing station, and a small array of
three PDs on the drone, costing under 83 USD. To leverage
only a few PDs, we exploit the mobility of the drone to
move the PDs spatially, creating a virtual array and guiding
the drone towards the light source. Through our experiments,
we show that Moth can accurately land drones up to 11.1 m
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away, which is 9.3 greater in range than traditional marker-
based methods from the same height. We also demonstrate
that Moth can help guide and navigate drones in partial non
line of sight scenarios. Moth is a critical step towards low
cost and low energy drone guidance for indoor environments.
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