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ABSTRACT

Reliable navigation in GNSS-denied environments remains a major
challenge for small unmanned aerial vehicles. When satellite signals are
lost or degraded, the vehicle must rely entirely on onboard sensing to
maintain control and return safely. This work presents a lightweight
fallback navigation framework that combines inertial dead reckoning and
optical flow-based velocity estimation. Both methods were implemented
and tested in the PX4 Software-in-the-Loop environment with Gazebo,
allowing safe and repeatable evaluation under simulated wind and signal-
loss conditions. Results show that dead reckoning ensures short-term
stability but accumulates large drift over distance, while optical flow
navigation provides meter-level accuracy over multi-kilometer
trajectories. Together, they offer a practical and fully autonomous
alternative to GNSS for small UAVs operating in constrained or
adversarial environments.

Keywords: GNSS-denied navigation, UAV, dead reckoning, optical
flow, PX4, Gazebo simulation.

Introduction

Unmanned aerial vehicles (UAVs) rely primarily on the Global
Navigation Satellite System (GNSS) to obtain absolute position and
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velocity estimates for flight control. However, GNSS signals are easily
degraded or lost in many real-world environments, such as dense urban
areas, forests, or indoor spaces, and can be intentionally disrupted through
jamming or spoofing. When this occurs, a UAV rapidly loses its ability to
maintain global position control and execute autonomous missions.
Ensuring continued operation under such conditions requires fallback
navigation methods that function entirely onboard and without external
references.

Modern open-source autopilots, such as PX4 [1] and ArduPilot [2],
maintain a stable attitude and altitude using inertial and barometric
feedback, but disable position-controlled modes once GNSS data is lost.
The vehicle remains flyable but effectively blind in the horizontal plane. To
restore autonomous behavior, alternative sources of motion information
must replace GNSS in the state estimator. Among available options, dead
reckoning and optical flow-based navigation stand out for their simplicity,
low cost, and real-time feasibility on lightweight UAV hardware. Both
methods can operate within the computational and sensor constraints of
standard flight controllers, providing short to mid-range navigation
capability without any external infrastructure.

This article presents a compact, fully onboard fallback navigation
framework that integrates dead reckoning and optical flow velocity
estimation within open-source autopilot systems. The framework enables
seamless transitions between GNSS-available and GNSS-denied flight,
maintaining control continuity and allowing the UAV to return safely or
continue its mission when satellite positioning fails.

Related Work

A wide range of methods have been explored for GNSS-denied
navigation, generally falling into four categories: inertial dead reckoning,
optical flow navigation, visual-inertial odometry (VIO), and simultaneous
localization and mapping (SLAM).

dead reckoning estimates position by integrating inertial sensor data
— accelerations and angular rates — from the onboard IMU [3], [4]. It offers
very low computational cost but suffers from unbounded drift due to sensor
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bias and noise accumulation. Various improvements, including bias-
compensated Kalman filters and recurrent neural network models [5], have
been proposed to slow error growth, though they remain sensitive to long-
term integration.

Optical flow navigation determines ground-relative velocity by
measuring pixel displacements between consecutive image frames [6].
When combined with altitude data from a barometer or range sensor, it
yields metric-scale velocity that can substitute GNSS velocity inputs in the
estimator. This approach is lightweight and effective at low altitude but
limited by lighting and surface texture.

Visual-inertial odometry and SLAM methods achieve higher
accuracy and long-term consistency by jointly optimizing visual and inertial
constraints [7]-[14]. However, they depend on continuous visual features
and high-performance hardware, restricting real-time onboard use in open-
source flight stacks.

Proposed Method

The proposed fallback navigation framework activates when GNSS
updates are unavailable and replaces global positioning data with internally
estimated motion cues. It relies on two complementary sources of
information: inertial measurements for short-term motion prediction and
optical flow for ground-referenced velocity estimation. These methods
operate independently but can be combined in a layered structure to
maintain continuous control during GNSS loss.

A. Inertial dead reckoning

When GNSS becomes unavailable, a UAV can still estimate its
motion by integrating inertial and heading measurements over time. This
process-known as dead reckoning-relies solely on data from the inertial
measurement unit (IMU), magnetometer, and barometer. The IMU provides
accelerations and angular rates, the magnetometer constrains yaw, and the
barometer supplies altitude. These signals are fused in the autopilot's
Extended Kalman Filter (EKF) [15], which continues to predict the vehicle's
state even without external position updates.
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Because integration errors grow rapidly, conventional dead reckoning
becomes unreliable after only a short distance. To extend its usable range,
the proposed framework augments the estimator with a calibrated speed
model and mission-aware vector tracking.

During nominal (GNSS-available) flight, the UAV performs a short
calibration sequence in which it flies at constant pitch angles while its true
ground speed is recorded. This produces a mapping between commanded
pitch angle and forward velocity. Once GNSS is lost, the UAV can
approximate its displacement by multiplying this stored velocity with
elapsed time, while maintaining heading from the magnetometer.

Two modes of operation are supported:

» Direct Return-to-Launch (DirectRTL): the UAV aligns to the
home azimuth and flies straight using dead-reckoned distance
estimation,;

» Path Return-to-Launch (PathRTL): the UAV retraces its logged
outbound path using stored inter-waypoint vectors, reducing
accumulated drift.

B. Optical Flow-Based Navigation

Optical flow navigation estimates the vehicle's horizontal motion by
observing how surface patterns move within consecutive camera frames. A
downward-looking camera captures the apparent displacement of visual
features as the UAV moves; from these displacements, image-plane
velocities are computed. When the altitude above ground is known, these
angular motions can be converted into metric ground-relative velocities.

This method effectively replaces the need for GNSS-based velocity
or position updates during flight. Because the camera measures motion
directly relative to the ground, it provides drift-free short-term information
that allows the vehicle to stabilize or retrace recent trajectories. optical flow
sensors typically include a small processor and a rangefinder, enabling
onboard calculation of two-dimensional velocity without heavy
computation.

In operation, horizontal velocity derived from optical flow is
combined with barometric altitude and inertial orientation to reconstruct the
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UAV's motion in local coordinates. As long as the ground surface exhibits
sufficient texture and lighting, these measurements remain consistent over
time. Unlike dead reckoning, where integration errors grow rapidly, optical
flow navigation constrains drift to a near-linear rate and can maintain meter-
level accuracy over hundreds of meters of travel.

The method's performance degrades over uniform surfaces, water, or
at high altitude, where ground features become indistinct. Wind and rapid
attitude changes can also distort apparent motion. Nevertheless, within
moderate altitude and lighting conditions, optical flow navigation offers a
lightweight and robust fallback option that extends autonomous flight well
beyond the limits of inertial dead reckoning.

Results
A. Simulation environment

All experiments were conducted in simulation to ensure repeatability
and safety during GNSS-denied flight. The evaluation used the PX4
Software-in-the-Loop (SITL) [16] environment with Gazebo Classic [17]
as the physics simulator. Both dead reckoning and optical flow navigation
modes were implemented using the same control logic and vehicle model.
The simulated quadrotor reproduced the sensor suite of a typical field
platform, including IMU, magnetometer, barometer, and a downward-
facing optical flow sensor with a rangefinder.

GNSS data were disabled after takeoff to emulate the loss of satellite
signals. The vehicle then executed return-to-launch maneuvers at different
distances (0.1km - 3km) and under varying wind conditions (Om/s, 2m/s,
and 5m/s). Each test was repeated twice for consistency. The mean
deviation from the starting point was used as the error metric.

B. Dead reckoning performance

In dead reckoning mode, the UAV estimated its displacement by
integrating calibrated forward velocity and heading over time.

Results showed that the error grows rapidly with both distance and
wind intensity. For short-range returns (< 100m), position error remained
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below 20m even with mild wind, but at larger scales it became dominant,
exceeding 1.5km at 3km flight distance. The key driver of error was heading
drift from the magnetometer, amplified by uncompensated wind effects.

Table 1.

Mean return-to-launch error for dead reckoning simulation tests
in Gazebo SITL

Distance 0.1km 0.5km 1km 3km

Wind speed | Om/s | 2m/s | 5m/s | Omy/s | 2mv/s | Smys | Om/s | 2m/s | Smvs | Omvs | 2m/s Sm/s

5° | 15m | 45m | >50m | 40m | >250m | >250m | 81m | >500m | >500m | 178m | >1.5km | >1.5km

Pitch 10° | 14m | 39m | >50m | 44m | 180m | >250m | 66m | >500m | >500m | 192m | >1.5km | >1.5km
itc

15 | 1I2m | 33m | 48m | 30m | 74m | 150m | 63m | 204m | >500m | 167m | >1.5km | >1.5km

25° | 17m | 22m | 38m | 25m | 33m 106m | 71m | 152m | 400m | 194m| 307m |>1.5km

These results indicate that while dead reckoning ensures
controllability after GNSS loss, it can only support short-range recovery or
bridging until another aiding source becomes available.

C. Optical Flow Performance

When optical flow measurements were enabled, the UAV replaced
inertial velocity estimation with image-based ground-relative motion. This
significantly constrained drift and allowed accurate return trajectories even
over kilometer-scale flights.

Table 2 summarizes mean position errors for both DirectRTL and
PathRTL strategies under identical conditions. The optical flow-based
navigation reduced errors by nearly an order of magnitude compared to dead
reckoning. Even with moderate wind, deviations remained within 5-7% of
the traveled distance.

Table 2.

DirectRTL and PathRTL errors for Optical Flow Navigation

Distance 0.1km 0.5km 1km 3km
Wind speed Onvs | 2m/s | Sm/s | Om/s | 2m/s | Sm/s | Om/s | 2mY/s | Sm/s | Omvs | 2m/s | Sm/s
Direct RTL error | Im | 4m 19m 6m 2lm | 28m | 13m | 43m | 82m | 32m | 74m | 113m

Path RTL error Im | 7m | 26m 8m | 3lm | 47m | 27m | 67m | 94m | 66m | 105m | 146m
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Table 2 summarizes mean position errors for both DirectRTL and
PathRTL strategies under identical conditions. The optical flow-based
navigation reduced errors by nearly an order of magnitude compared to dead
reckoning. Even with moderate wind, deviations remained within 5-7% of
the traveled distance.

The results show near-linear drift growth and consistent convergence
toward the launch point. Path retracing produced slightly larger cumulative
error due to multiple short segments, but provided smoother overall flight
behavior. At higher altitudes or over visually uniform terrain, performance
degraded as the simulated flow sensor lost feature contrast

Conclusion

This study presented a lightweight fallback navigation framework for
unmanned aerial vehicles operating in GNSS-denied conditions. Two
complementary methods—dead reckoning and optical flow navigation—were
implemented and evaluated entirely in simulation using the PX4 SITL
environment with Gazebo.

Dead reckoning, based on inertial and magnetic sensing, provided
short-term controllability but exhibited rapid drift growth with distance and
wind. optical flow navigation, which derives ground-relative velocity from
image motion and altitude, achieved an order-of-magnitude improvement
in accuracy and enabled reliable return-to-launch maneuvers over distances
up to several kilometers. The results confirm that combining these
techniques forms a practical, fully onboard solution for maintaining UAV
autonomy during temporary or extended GNSS outages. Future work will
focus on adaptive fusion between optical and inertial cues, as well as
validation in real-world outdoor flights.

Acknowledgement: This work was supported by the Science Committee of
RA (Research project No 234A4-1B007).

REFERENCES

1. PX4 Autopilot, “Open-source flight control software.” [Online]. Available:
https://px4.io



V. Sahakyan 43

10.

11.

12.

13.

14.

15.

ArduPilot Project, “Open-source autopilot for drones, planes, and rovers.”
[Online]. Available: https://ardupilot.org

Hofmann-Wellenhof B., Lichtenegger H. and Collins J. GPS: Theory and
Practice. Vienna, Austria: Springer-Verlag, 1997. 0O.J. Woodman, “An
introduction to inertial navigation,” Univ. of Cambridge, Tech. Rep. UCAM-CL-
TR-696, 2007.

Abdul Majuid A. et al. GPS-denied navigation using low-cost inertial sensors and
recurrent neural networks // arXiv preprint arXiv:2109.04861, 2021.

Honegger D., Meier L., Tanskanen P. and Pollefeys M. An open source and open
hardware embedded metric optical flow CMOS camera for indoor and outdoor
applications // in Proc. IEEE Int. Conf. Robot. Autom. (ICRA), Karlsruhe,
Germany, May 2013. PP. 1736-1741.

Qin T., Li P. and Shen S. VINS-Mono: A robust and versatile monocular visual-
inertial state estimator, IEEE Trans. Robot., vol. 34, no. 4. PP. 1004-1020, Aug.
2018.

Geneva P., Eckenhoff K. and Huang G. OpenVINS: A research platform for
visual-inertial estimation // in Proc. IEEE Int. Conf. Robot. Autom. (ICRA), Paris,
France, Jun. 2020. PP. 4666—4672.

Forster C., Pizzoli M. and Scaramuzza D. SVO: Semi-direct visual odometry for
monocular and multicamera systems // in Proc. I[EEE Int. Conf. Robot. Autom.
(ICRA), Hong Kong, China, May 2014. PP. 4945-4950.

Burri M., Nikolic J., Gohl P., Schneider T. and Scaramuzza D. The EuRoC MAV
dataset for visual inertial stereo SLAM, Int. J. Robot. Res., vol. 35, no. 10. PP.
1157-1163, Sep. 2016.

Schubert S., Demmel N., Usenko V. and Cremers D. The TUM VI benchmark for
evaluating visual-inertial odometry // in Proc. IEEE Int. Conf. Robot. Autom.
(ICRA), Brisbane, Australia, May 2018. PP. 1680-1687.

Geiger A., Lenz P. and Urtasun R. Are we ready for autonomous driving? The
KITTI vision benchmark suite // in Proc. IEEE Conf. Comput. Vis. Pattern
Recognit. (CVPR), Providence, RI, USA, Jun. 2012. PP. 3354-3361.

Mur-Artal R., Montiel M. and Tardés J. ORB-SLAM2: An open-source SLAM
system for monocular, stereo, and RGB-D cameras,” IEEE Trans. Robot., vol.
33, no. 5. PP. 1255-1262, Oct. 2017.

Engel J., Koltun V. and Cremers D. Direct sparse odometry // IEEE Trans. Pattern
Anal. Mach. Intell., vol. 40, no. 3. PP. 611-625, Mar. 2018.

Sola J. Quaternion kinematics for the error-state Kalman filter // arXiv preprint
arXiv:1711.02508, 2017.

PX4 Development Team, “PX4 software-in-the-loop (SITL) simulation guide.”
[Online]. Available: https://docs.px4.io/main/en/simulation/



44 Autonomous UAV navigation without GNSS

16. Gazebo Foundation. Gazebo Classic simulator documentation [Online].
Available: https://gazebosim.org

ABTOHOMHAS HABUT'ALIUS BIIJIA BE3 GNSS
B. Caaxan
Poccuiicko-Apmanckui (Cnagsanckuti) ynugepcumem
AHHOTALUSL

HaznexxHast HaBUTaIus B YCIOBUSAX OTCYTCTBHUSI CUTHAJIOB CITyTHUKOBBIX HABH-
TallMOHHBIX CUCTEM OCTa&TCs CepbE3HOM 3aaueil 11 MaJbIX OECITUIOTHBIX JIETaTeb-
HBIX anmaparoB. [Ipu norepe win yxyamenun curaana GNSS anmnapat J0KeH 1oJ-
HOCTBIO TIOJIaraThCst Ha OOPTOBBIE JATIUKH IJIS IO IEpKaHUS YIIPaBICHUS U Oe3omac-
HOTO BO3BpaieHus. B paboTe mpencraBiieH 00JierYeHHBIN pe3epBHBINA HABHTAIIHOH-
HBII KOMITJIEKC, 00 INHSIONINN HHEPIIHATIBHBIN METO ] CYMCIICHHUS ITyTH U OTIpeeie-
HHUE CKOPOCTH M0 ONTUYECKOMY MOTOKY. O0a MeToa pearn3oBaHbl U MPOTECTHPOBA-
HBI B cpefie mporpaMmHoil cumyssinuu PX4 (SITL) ¢ ucnonp3oBaHreM (H3HUECKOTO
MoaenupoBanus Gazebo, YTO MO3BOJIHIO IPOBOIUTH OE30IACHBIC M BOCIPOHM3BOIN-
MBbI€ UCIIBITAHUS IPYU UMUTALIMK BETPA U IOTEPU CUTHAJIOB. Pe3ynbTaThl MOKa3bIBAIOT,
YTO HMHEPHUATBHOE CYHCICHHE ITyTH OOECIeYWBAcT KPAaTKOBPEMEHHYIO yCTOWYH-
BOCTB, HO OBICTPO HAKAIUTUBAET MOTPEITHOCTD, TOT/1a KK HABUTALIUS IO OIITHIECKOMY
MOTOKY 00eclevYrBaeT METPOBYIO TOYHOCTh Ha MHOTOKHIJIOMETPOBBIX ITHUCTAHIIHSX.
CoOBMECTHOE HUCIOJIb30BaHUE 3TUX MOAXOJOB OOECIIEUMBAET MPAKTHYHYIO M MOJHO-
CTBI0 aBTOHOMHYIO aibTepHaTuBy GNSS mis maneix BITJIA, paGoTarommx B CIOXKHBIX
YCIIOBUSIX.

KiaroueBble ciioBa: Hapuramnus 06e3 GNSS, 0ecuIOTHEIN JIeTaTelbLHBIN ara-
paT, CUHCJICHHUE IyTH, ONTHYEeCKuid ToTOK, PX4, cumynsatop Gazebo.



